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Abstract
A novel polyphenyl-grafted polysiloxane stationary phase named 3,4-bis(2-fluoro-5-(trifluoromethyl)phenyl)-2,5-diphenyl 
phenyl grafted polysiloxane stationary phase (FFMP) was synthesized through a Diels–Alder reaction with a high column 
efficiency (average number of plates: 3700 plates/m; achieved by naphthalene at 120 °C) and simultaneously coated on 
fused silica capillary tubes to prepare a gas chromatographic column with excellent performance. The column performance 
test results indicated that the FFMP columns could work properly up to 360 °C, as evidenced by the chromatogram of the 
polyethylene pyrolysis mixture. The thermogravimetric analysis curve showed that the decomposition temperature of the 
FFMP was up to 380 °C. The FFMP columns were also applied in the separation and analysis of multimixtures, such as 
Grob test mixtures, benzene mixtures and fatty acid esters, and as well as a medium polar stationary phase (according to the 
results of McReynolds constants, the sum of ∆I was 779.) The FFMF columns exhibited excellent separation selectivity for 
these substances because of the conjugated system formed by the polyphenyl side chain connected by single bonds. This 
conjugated system can promote the delocalization of π-electrons as well as enhance the forces of π–π interaction, and the 
dipole-induced dipole action between the FFMP stationary phase and the analytes.
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Introduction

Capillary gas chromatography (CGC) has been widely 
applied in the fields of petrochemical engineering, environ-
mental protection, and biological medicine because of its 
high sensitivity and quick analysis speed. At present, gas 
chromatography is a mature analytical technique, of which 
the application scope and depth are still being expanded [1]. 
In particular, the synthesis of new stationary phases with 
high resolution and thermal stability has broadened the 
application range of the stationary phases of CGC, such as 

metal–organic frameworks [2–7], carbon nanotubes [8–10], 
and ionic liquids [11, 12].

At present, thousands of gas chromatographic station-
ary phases have been synthesized, and a number of station-
ary phases have been gradually commercialized, because 
polysiloxane stationary phases are characterized by high 
thermal stability, good film formation, wide temperature 
range, low mass transfer resistance, and high column effi-
ciency [13]. Many researchers have introduced different 
organic molecules into polysiloxane chains, which have 
been widely used for the selective separation of various 
mixtures, particularly polar mixtures [14]. The intro-
duction of polarized phenyl groups with high resistance 
against oxidation into polysiloxane can enhance dipole-
induced dipole action between stationary phases and polar 
substances, and improve the separation selectivity of sta-
tionary phases [15, 16]. Peaden et al. introduced differ-
ent content of phenyl groups into methyl polysiloxane to 
obtain methylphenyl polysiloxane-fused silica capillary 
columns with high column effect and excellent thermal 
stability [17]. In the analysis of coal tar, the temperature of 
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the stationary phase with 70% phenyl content could reach 
400 °C; however, its minimum initial temperature was 
higher, thereby limiting its application. Lee et al. intro-
duced biphenyl [13], naphthalene [13], phenoxy phenyl 
[13], alkyl benzene [18], and methoxy phenyl [19] into 
polysiloxane and then synthesized various polysiloxane 
stationary phases for gas chromatography. Although these 
stationary phases could separate aromatic substances, such 
as polycyclic aromatic hydrocarbons (PAHs), their tem-
peratures were lower than 280 °C, even reaching below 
200 °C [13]. Mayer et al. grafted n-octylmethyl, diphenyl, 
and polar trifluoro-propyl on the side chain of siloxanes 
to obtain a 50% octylmethyl—50% diphenyl polysilox-
ane stationary phase [20] and a tetramethyl-p-silphe-
nylene-3,3,3-trifluoropropylmethyl dimethyl siloxane ter-
polymer stationary phase [21]. These stationary phases 
display excellent separation selectivity and thermal stabil-
ity (360 °C) for separating mixtures of n-alkanes  (C16–C36) 
and fatty acid esters (FAEs).

In view of the worsening environmental pollution in 
recent years, the study of environmental pollutants has 
become an even more important topic in various fields 
[22, 23]. In the field of CGC, studies mainly focused 
on the separation and analysis of environmental pol-
lutants, such as PAHs and polychlorinated biphenyls. 
To improve the chromatographic performance of sta-
tionary phases, groups such as diphenyl phenyl [24], 
3,4-bis(3,4,5-trifluorophenyl)-2,5-diphenyl phenyl [25], 
and 3,4-bis(trifluoromethyl phenyl)-2,5-diphenyl phenyl 
[26] were introduced into polysiloxanes to obtain a high 
thermal stability and excellent separation selectivity for 
aromatic substances. Therefore, the introduction of poly-
phenyl groups and polar groups could enhance not only 
the thermal stability of the stationary phase but also the 
forces between the stationary phases and the analytes, 
subsequently. Thus, through this analysis, the 3,4-bis(2-
fluoro-5-(trifluoro-methyl phenyl)-2,5-diphenyl phenyl) 
grafted polysiloxane (FFMP) stationary phase was suc-
cessfully synthesized and coated on fused silica capillar-
ies to prepare capillary gas chromatographic columns. 
The polarizability for 3,4-bis(2-fluoro-5-trifluoromethyl 
phenyl)-2,5-diphenyl phenyl groups of the FFMP sta-
tionary phase was 50.13 Å3 (calculated according to Ref. 
[28]), which was considerably higher than that of benzene 
(10.40 Å3), biphenyl (20.05 Å3), and tetraphenyl phenyl 
(43.35 Å3). Therefore, a FFMP stationary phase containing 
a 3,4-bis(2-fluoro-5-trifluoromethyl phenyl)-2,5-diphenyl 
phenyl side chain with a high polarizability was expected 
to exhibit improved chromatographic selectivity. In addi-
tion, the chromatographic properties were evaluated in 
terms of column efficiency, polarity, and temperature 
resistance. The FFMP columns were used for the separa-
tion and analysis of PAHs, FAEs, and isomeric mixtures.

Experiment

Reagents and Apparatus

The reagents and chemicals used in this experiment, 
except for 2-f luoro-5-trif luorometh-ylbenzaldehyde. 
2-fluoro-5-trifluoromethylbenzaldehyde, were of indus-
trial grade and were purchased from Nanjing Chemical 
Reagent Co., Ltd. (Nanjing, China). Grob test mixture 
and polyethylene pyrolysis were prepared following the 
methods described in Refs. [29, 30], respectively. Fused 
silica capillary tubes (0.25 mm i.d.) for the preparation of 
capillary columns were prepared in our laboratory [30]. 
The commercial DB-17 column (30 m × 0.25 mm i.d.; film 
thickness: 0.5 µm) was acquired from Agilent Technolo-
gies (Palo Alto, USA).

The separation and analysis of various mixtures were 
performed using a capillary gas chromatograph (GC-2014, 
Shimadzu Corporation, Kyoto, Japan), and nitrogen  (N2, 
99.99% purity) was used as the carrier gas. To characterize 
the FFMP stationary phase, we used a Water 1515 GPC 
(Waters Corporation, Massachusetts, USA), a DPX 300 
spectrometer (Bruker Analytische Messtechnik, Karlsruhe, 
Germany), a LCT-2 TGA system (Beijing Optical Instru-
ment Factory, Beijing, China) and a MS50 mass spectrom-
eter (British Karasto company, London, UK) to obtain the 
molecular weight of polymers, 1H nuclear magnetic reso-
nance (NMR), thermogravimetric analysis (TGA) spectra 
and mass spectrometry, respectively.

Polymer Synthesis

In this study, 1,2-bis(2-fluoro-5-(trifluoromethyl phenyl)-
2-hydroxyethanone) (BFH) and 1,2-bis(2-fluoro-5-trifluo-
romethyl phenyl)ethane-1,2-dione (BFD) were synthesized 
following the method described in Ref. [31]. through the 
reaction principle of benzoin condensation. The FFMP sta-
tionary phase was synthesized through the Diels–Alder 
reaction principle. The synthesis route is shown in Fig. 1.

Synthesis of BFH

BFH was synthesized by condensing 2-fluoro-5-trifluo-
romethylbenzaldehyde (33.0 g, 172.0 mmol) with water 
(10.0 mL), thiamine (VB1, 4.0 g, 13.2 mmol), and 95% 
ethanol (30.0 mL) in an ice-water bath. Under stirring con-
dition, sodium hydroxide ethanol solution (3.3 mol/L) was 
added dropwise to adjust the pH to 9.0–10.0. After 30 min, 
the reaction was conducted at 65 °C for 2 h. The reaction 
mixture was poured into ice-water for stratification. The 
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lower oil phase was washed repeatedly with water until 
the supernatant was neutral to obtain an orange oily liquid, 
i.e., 25.0 g of 1,2-bis(2-fluoro-5-trifluoromethylphenyl)-
2-hydroxyethanone in 75.8% yield.

Synthesis of BFD

BFD was synthesized by oxidizing BFH (20.0  g, 
52.0  mmol) in the presence of copper sulfate (2  g, 
12.6 mmol), ammonium nitrate (10.0 g, 60 mmol), water 
(4 mL), and acetic acid (50 mL). The reaction solution 
was heated to reflux for 2 h. After the reaction system was 
cooled, the reaction mixture was filtered, and the filter 
cake was washed thoroughly with water until the filtrate 
was neutral. The filter was subsequently recrystallized 
with ethanol to obtain 13.7 g of BFD as pale yellow crys-
tals in 69.0% yield (m.p.: 82–84 °C).

Synthesis of 3,4-Bis(2-Fluoro-5-(Trifluoromethyl 
Phenyl)-2,5-Diphenylcyclopentadienone) (BFCD)

BFD (10.4 g, 30.0 mmol) was dissolved in 40.0 mL of eth-
anol with 1,3-diphenyl acetone (6.9 g, 33.0 mmol) under 
stirring condition, and the system was heated to reflux. 
Subsequently, a 4.0 mL solution of potassium hydroxide 
in ethanol (4.5 mol/L) was added dropwise to the mixture 
to obtain aubergine crystals, which were heated up to near 
boiling point for 1 h. After the reaction was completed, 
the mixture was cooled to room temperature. Approxi-
mately 13.2 g of aubergine crystals of BFCD was obtained 
by filtration and recrystallization with ethanol, with a 
yield of 78.9% (m.p.: 161–163 °C). 1H NMR  (CDCl3, 
300 MHz, δppm): 7.54–7.55 (d, 6H), 7.26–7.28 (m, 4H), 
and 7.03–7.07 (d, 4H); ESI–MS: m/z: 557.1123 [M + H]+, 
574.1394 [M + Na]+, 579.0942 [M + NH4]+.

Fig. 1  Synthesis route of the 
FFMP stationary phase
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Synthesis of FFMP Stationary Phase

In this procedure, methylvinylpolysiloxane (vinyl chain con-
tent was 19.4%) was synthesized as previously described 
in Ref. [32]. The molecular weight was determined to be 
65,600 by gel permeation chromatography (GPC). Exactly 
4.3  g of methylvinylpolysiloxane (vinyl amount was 
10.9 mmol) mixed with BFCD (6.7 g, 12.0 mmol) was 
dissolved in 50.0 mL of diphenyl ether, protected by nitro-
gen, and reacted at 220 °C for 48 h. The reaction solution 
turned from dark-brown to yellow-brown and formed a large 
number of bubbles. The reaction was terminated when the 
reaction mixture stopped bubbling, and diphenyl ether was 
removed through vacuum distillation to obtain a highly glu-
tinous polymer. To purify, the crude polymer was dissolved 
in 20.0 mL of toluene, and the polymer was precipitated 
by adding 60 mL of methanol. This step was repeated for 
four times to remove low-molecular-weight polymers and 
unreacted BFCD. Subsequently, the solvent was removed 
through distillation under reduced pressure to produce 3.9 g 
of yellow gum with a yield of 50.2%. The molecular weight 
was determined to be 85,800 by GPC. The result of 1H NMR 
 (CDCl3, 300 MHz, δppm) is shown in Fig. S1 (in supplemen-
tal): 7.28 (d, 2H), 7.18 (s, 1H), 7.02 (m, 4H), 7.00 (dd, 2H), 
6.77 (d, 2H), 6.92 (m, 4H), and 6.69 (m, 2H). The peaks at 
5.96 and 0.098 ppm corresponded to the chemical shifts of 
si-vinyl and Si-CH3 in the skeleton of polysiloxane.

Preparation of FFMP Columns

The fused silica capillary tubes (10 or 30 m in length were 
prepared in three replicates, i.d. 0.25 mm) were rinsed with 
5.0 mL of dichloromethane and held at 250 °C for 2 h under 
nitrogen [33]. The columns were coated with 0.8% solu-
tion (v/v) of FFMP in dichloromethane. DCUP (the mass of 
DCUP accounted for 4% of the FFMP stationary phase) was 
added as a free radical initiator through the static method 
with 0.5 µm film thickness (df = dc/400, d is the capillary 
inner diameter (µm), and c is the volume percent concentra-
tion of FFMP stationary phase solution). After coating, the 
columns were maintained at 40 °C for 0.5 h, conditioned at 
a rate of 1 °C/min to 160 °C, maintained for 2 h to promote 
crosslinking, increased to 360 °C at the same rate, and then 
maintained for 12 h under nitrogen.

Results and Discussion

Chemical Composition of FFMP Polymer

The 1H NMR spectrum of the FFMP stationary phase in 
 CDCl3 was recorded on a DPX 300 spectrometer. Accord-
ing to the 1H NMR spectrum data, the content of the 

3,4-bis(2-fluoro-5-trifluoromethylphenyl)-2,5-diphenyl 
group in the FFMP was 16.2%, and the content of the resid-
ual vinyl group was 2.2% [30], which were obtained from the 
specific values of the peaks at 0.098 (attributed to Si-CH3), 
5.85–6.12 (attributed to Si-CH = CH2), and 6.69–7.28 ppm 
(attributed to Ar-H).

Characteristics of the FFMP Column

The efficiency of the FFMP column was tested by naph-
thalene at a constant temperature of 120 °C. The result was 
expressed as the average number of plates, which was 3700 
plates/m (3556–3827, k = 2.371 ± 0.10). The value of k 
slightly changed (k = 2.359 ± 0.10) after injection for 100 
times, indicating that the film of the FFMP column was 
stable, and therefore, had potential to be suitable for long-
term use. The coating efficiency of the FFMP column was 
80.7% [25], implying that the FFMP stationary phase had an 
excellent film-forming capability and glorious cross-linking 
properties.

Thermal Stability of FFMP Stationary Phase

Under helium atmosphere, the temperature increased from 
40 to 700 °C at 10 °C/min. The TGA curve of the FFMP is 
shown in Fig. S2 (in supplemental). The results indicated 
that the FFMP displayed a 1.7% weight loss when the tem-
perature was increased to 360 °C and a 3.1% weight loss 
turned up at 380 °C, suggesting that the polyphenyl groups 
grafted on the polysiloxane chain could not only enhance the 
steric hindrance but also effectively reduce the macromo-
lecular chain spiraling trend, thereby preventing the cycliza-
tion, rearrangement, and degradation of polysiloxanes under 
high temperatures [34].

Pyrolysis ethylene mixtures were separated by chroma-
tographic columns prepared by the FFMP stationary phase, 
further demonstrating the thermal stability of the FFMP sta-
tionary phase for gas chromatographic analysis. As shown 
in Fig. S3 (in supplemental), the pyrolysis ethylene mixtures 
were separated on the FFMP column with symmetrical and 
sharp peaks, indicating that the FFMP column had a good 
separation performance for non-polar substances, such as 
aliphatic hydrocarbons. In addition, the baseline slightly 
drifted at 340 °C, and the column still exhibited a good sepa-
ration performance when the temperature was increased to 
360 °C. Thus, the FFMP column had an excellent thermal 
stability.

Separation Performance of FFMP Column

In this paper, the chromatographic performance of FFMP 
columns was characterized by the mixtures of Grob, aro-
matic hydrocarbons (MAHs), PAHs, aromatic isomers, 
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FAEs, fatty alcohols and ethers, and the relevant chro-
matographic parameters were as follows: column length: 
30 m, column diameter: 0.25 mm, film thickness: 0.5 µm, 

in addition, the chromatographic conditions for different 
mixtures are shown in Table 1.

Separation Performance for Grob Test Mixtures

The performance of the FFMP column was characterized by 
a Grob test mixture containing 12 components with different 
properties. As shown in Fig. 2, all chromatographic peaks were 
subjected to baseline separation because of the excellent coat-
ing performance of the FFMP stationary phase. All of their 
peaks were sharp and symmetrical, except for that of 2-ethyl-
hexanoic acid (peak S), which showed a frontal peak because 
of overloading [30]. The octanol (ol) and 2,3-butanediol (D) 
peaks were significantly tailing (the tailing factor of octanol 
was 1.16), indicating the presence of weak reversible adsorp-
tion due to hydrogen bonding. In addition, the peak area ratio 
of 2,6-dimethylphenol (P) and 2,6-dimethylaniline (A) was 
1.1:1. Moreover, the peak area of dicyclohexylamine (am) sig-
nificantly reduced, indicating the presence of alkaline adsorp-
tion. Therefore, the FFMP column was useful for analyzing 
acidic substances.

McReynolds constants and Abraham system 
constants of FFMP column

In this paper, the polarity of the FFMP stationary phase was 
characterized by determining the McReynolds constants. As 
shown in Table 2, the five probe components were eluted in the 
order of Y′ (n-butanol) → X′ (benzene) →Z′ (2-amyl) → U′ 
(1-nitropropane) → S′ (pyridine). Compared with the OV-11 

Table 1  The chromatographic conditions for different mixtures

Mixture Conditions

Heating program Carrier gas 
velocity 
(cm·s− 1)

Split ratio The temperature of 
injector and detector 
(°C)

Injection 
volume 
(µL)

Grob 40 °C to 200 °C at 4 °C min− 1 10 30:1 240 0.4
MAHs 70 °C to 150 °C at 3 °C min− 1, then to 230 °C at 5 °C min− 1 10 30:1 260 0.4
PAHs 70 °C (maintained for 5 min) to 250 °C at 7 °C s− 1, then to 

270 °C at 3 °C s− 1, and to 320 °C at 7 °C s− 1
10 30:1 350 0.4

FAEs 40 °C (maintained for 5 min) to 100 °C at 4 °C min− 1 and then 
to 220 °C at 6 °C min− 1

10 30:1 250 0.4

Fatty alcohols 30 °C (maintained for 10 min) to 55 °C at 2 °C min− 1 and then 
to 320 °C at 7 °C min− 1

8 30:1 360 0.4

Ethers 30 °C (maintained for 10 min) to 260 °C at 7 °C min− 1 10 30:1 280 0.4

Fig. 2  Chromatograms of Grob test mixtures on the FFMP col-
umn. Peaks: D 2,3-butanediol, C10 n-decane, C11 n-undecane, ol 
n-octanol, al nonanal, S 2-ethylhexanoic acid, P 2,6-dimethylphenol, 
A 2,6-dimethylaniline, E10 methyl caprate, am dicyclohexylamine, E11 
methyl undecylate, E12 methyl laurate

Table 2  McReynolds constants and the CP-index of FFMP stationary phase at 120 °C

Benzene (X′) n-Butanol (Y′) 2-Pentanone(Z′) Nitropropane (U′) Pyridine (S′) Sum CP-index

FFMP 116.0 148.0 167.0 176.0 172.0 779.0 18.5
OV-11 [36] 102.0 142.0 145.0 219.0 178.0 786.0 18.6
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stationary phase (35% diphenyl-65% dimethylpolysiloxane) 
[35], the FFMP stationary phase had a slightly larger value of 
X′ possibly because of the conjugation system formed by the 
delocalized π-bond of multiple phenyl groups in the FFMP 
stationary phase, indicating that the FFMP stationary phase 
exerted a dipole-induced dipole effect, i.e., the dispersion force 
between the stationary phase and the solutes. The larger Z′ 
and S′ values indicated that the stationary phase had a strong 
interaction with solutes because the FFMP stationary phase 
was readily accessible to the protons of the analytes. Hydro-
gen bonds were generated between the stationary phase and 
the analytes, demonstrating that the FFMP stationary phase 
had a strong acting force and retention capacity for aromatic 
substances. In general, the total polarity (sum of ∆I) of the 
FFMP stationary phase was 779, which was comparable with 
the polarity of OV-11.

The Abraham system model is a reliable tool for char-
acterizing diverse molecular interactions between probe 
compounds and stationary phases [34]. Table 2 lists the 
Abraham system constants of the FFMP, FPP (3,4-bis(4-
fluorophenyl)-2,5-diphenyl phenyl grafted polysiloxanes, 
grafting amount was 11.9%.) [26], and DB-35 (35% diphe-
nyl-65% dimethylpolysiloxane) [36] station phases under 
three temperatures (80, 100, and 120 °C). The solvation 
parameters e, s, a, b, and l represented the π–π and n–π elec-
tron interactions, dipole–dipole and induced dipole, alkaline 
hydrogen bonding, acidic hydrogen bonding, hole formation, 
and dispersion between the probe compounds and the sta-
tionary phase. As shown in Table 3, the dipole–dipole and 
dipole-induced dipole(s) were the primary forces between 
the FFMP stationary phases and the probe components, fol-
lowed by dispersion (l) and alkaline hydrogen bonding (a)
[37]. Compared with the FPP column, the FFMP column 
had obvious advantages in s, l, and a. These advantages 
may be due to the introduction of trifluoromethyl groups in 
polyphenyl. The selectivity of the FFMP stationary phase 
was enhanced. In addition, the solvation parameters of the 
FFMP column was close or even significantly better to those 

of DB-35 at the corresponding temperature (except for a), 
indicating that the polyphenyl groups played a major role in 
the forces of the stationary phase and the analytes.

Selectivity for Aromatic Substances

Selectivity for MAHs

Given that the polyphenyl side chains of the FFMP station-
ary phase could form a delocalized π-bond, the FFMP col-
umn was presumed to have a specific separation selectivity 
for aromatic substances. For the separation of MAH mix-
tures containing 19 types of monocyclic aromatic hydrocar-
bon substances, the results in Fig. 3a indicated that benzene 
substitutes, including trisubstituted benzene (1,2,4-tri-
methyl benzene, b.p.  168.0  °C), disubstituted benzene 
(1,3-dichlorobenzene, b.p. 172.0–173.0 °C), and aromatic 
isomers (o-nitrotoluene, b.p. 225.0 °C and p-nitrotoluene, 
b.p. 238.0 °C) achieved baseline separation within 40 min 
on FFMP column, and they possessed sharp and symmet-
rical peaks. This result indicates that a significant dipole-
induced dipole and π–π force existed between the FFMP 
stationary phase and the analytes. While the separation of 
DB-17 (Fig. 3b) to MAHs showed that 3 pairs of MAHs did 
not realize baseline separation [o-nitroethylbenzene (peak 8, 
b.p. 174.0 °C) and n-butylbenzene (peak 9, b.p. 183.0 °C), 
1,4-dibromobenzene (peak 11, b.p. 219.0 °C) and o-nitrotol-
uene (peak 12, b.p. 225.0 °C), p-nitrobromobenzene (peak 
15, b.p. 256.0 °C) and 2,5-dichloronitrobenzene (peak 16, 
b.p. 267.0 °C)]. Therefore, the FFMP stationary phase was 
more suitable for the separation and analysis of MAHs.

Selectivity for PAHs

PAHs are environmental pollutants that have raised con-
siderable concern and have higher requirements for the gas 
chromatographic stationary phase because of their great dif-
ficulty in separation [38]. Figure 4a shows the separation of 

Table 3  Abraham system 
constants of FFMP stationary 
phase

Stationary phase Tempera-
ture (°C)

Interaction parameter n R2

c e s a b l

FFMP 80 − 2.058 − 0.030 0.783 0.635 0 0.659 31 0.99
100 − 2.535 − 0.023 0.713 0.541 0 0.622 31 0.99
120 − 2.573 0.063 0.656 0.413 0 0.565 31 0.99

FPP [26] 80 − 2.587 − 0.018 0.661 0.608 0 0.650 28 0.99
100 − 2.811 − 0.002 0.600 0.492 0 0.627 29 0.99
120 − 2.899 0.024 0.551 0.375 0 0.567 29 0.99

DB-35 [38] 80 − 2.381 0.009 0.758 0.378 0 0.630 61 0.99
100 − 2.460 0.036 0.701 0.326 0 0.577 66 0.99
120 − 2.536 0.074 0.640 0.277 0 0.536 66 0.99

OV-11 [27] 120 − 0.300 0.100 0.540 0.170 – 0.516 39 0.99
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22 types of PAHs on the FFMP column. Each component 
contained two–four benzene rings. All substances were 
baseline separation with perfect peak shapes. In particular, 
several substances with similar boiling and polarity, such as 
dibenzyl ether (peak 11, b.p. 298.0 °C) and fluorene (peak 
12, b.p. 298.0 °C); phenanthrene (peak 15, b.p. 340.0 °C) 
and 4-nitrobiphenyl (peak 16, b.p. 340.0 °C). This result 
was due to the introduction of fluorine atoms and trifluoro-
methyl groups, which could increase the average molecular 

polarization of polyphenyl groups, thereby enhancing the 
conjugation, dispersion interactions, and dipole-induced 
dipole effects between the polar analytes and the FFMP 
stationary phase. But for DB-17 column (Fig. 4b), 2 pairs 
of PAHs [8-hydroxyquinoline (peak 8, b.p. 267.0 °C) and 
acenaphthylene (peak 9, b.p.  265.0  °C), phenanthrene 
(peak 15, b.p. 340.0 °C), and 4-nitro biphenyl (peak 16, 
b.p. 340.0 °C)] did not achieve baseline separation due to 
relatively close boiling point, and when the temperature 

Fig. 3  Chromatograms of MAHs on FFMP column (a) and DB-17 
column (b). Peaks: (1) methylbenzene; (2) chlorobenzene; (3) eth-
ylbenzene; (4) m-dimethylbenzene; (5) p-chlorotoluene; (6) 1,2,4-tri-
methyl benzene; (7) 1,3-dichlorobenzene; (8) n-butylbenzene; (9) 
nitrobenzene; (10) 1,4-dibromobenzene; 11. o-nitrotoluene; 12. 
o-nitroethylbenzene; 13. p-nitrotoluene; 14. p-nitrochlorobenzene; 
15. p-nitrobromobenzene; 16. 1,4-dichloro-2-nitrobenzene; 17. 
3,5-dimethylnitrobenzene; 18. 2,4-dinitrotoluene; 19. 2,4-dinitrochlo-
robenzene

Fig. 4  Separation of PAHs on FFMP column (a) and DB-17 column 
(b). Peaks: (1) decahydronaphthalene; (2) tetralin; (3) naphthalene; 
(4) 2-methylnaphthalene; (5) 1-methylnaphthalene; (6) biphenyl; (7) 
diphenylmethane (8) 8-hydroxyquinoline; (9) acenaphthylene; (10) 
naphthyl ethyl ether; 11. dibenzyl ether; 12. fluorene; 13. 1,4-naph-
thoquinone; 14. α-nitronaphthalene; 15. phenanthrene; 16. 4-nitrobi-
phenyl; 17. benzil; 18. 9,10-phenanthrenequinone; 19. fluoranthene; 
20. pyrene; 21. 1,2-benzanthracene; and 22. chrysene
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rised to 320.0 °C, the baseline drifted obviously. Thus, the 
selectivity of the FFMP column to polar substances, such as 
PAHs, was ultimately improved.

Selectivity for Aromatic Isomers

Table 4 enumerated the separation factors (α) and capac-
ity factors (k) of xylene, cresol, nitrotoluene, nitroaniline, 
nitrobenzaldehyde, and cyanobenzaldehyde aromatic iso-
mers. As shown, six aromatic isomers were separated by the 
baseline. Among them, xylene isomers acted as weak polar 
aromatic isomers. Even though the boiling point of o-xylene 
(b.p. 139.1 °C) was close to that of p-xylene (b.p. 138.4 °C), 
it still exhibited a good separation effect on the FFMP col-
umn, indicating that the introduction of polar fluorine atoms 
and trifluoromethyl groups on the polyphenyl groups of the 
FFMP stationary phase could enhance the dipole-induced 
dipole interaction and dispersion forces between the station-
ary phase and the analytes. Consequently, the FFMP column 
became more sensitive to polar aromatic isomers or easily 
polarized aromatic isomers.

Selectivity for FAEs

In this section, 19 species of saturated fatty acid esters and 
partially unsaturated fatty acid esters were separated on the 
FFMP column. The results shown in Fig. 5a revealed that 
fatty acid esters were subjected to baseline separation and 
that the shapes of the peaks were satisfactory, sharp, and 
symmetrical. All saturated fatty acid esters were eluted based 
on the elevated boiling point, and unsaturated fatty acid 
esters (methyl methacrylate, peak 4, b.p. 100.0 °C) were usu-
ally eluted behind saturated fatty acid esters (butyl acetate, 
peak 3, b.p. 124.0 °C). The possible reason was the existence 
of forces between the C=C double bond in unsaturated fatty 
acid esters and the polyphenyl groups in the FFMP station 
phase, such as the dipole-induced dipole effect, which could 
improve the separation selectivity of the FFMP column. At 
the same time, we separated the same FAE mixtures on the 
DB-17 column, and the chromatogram is shown in Fig. 5b. 
Although most substances were separated by the baseline, 
peaks 14 (2-(2-ethoxyethoxy) ethylacetate, b.p. 218.0 °C) 

and 15 (ethyl cyanoacetate, b.p. 210.0 °C) appeared as co-
elution peaks; and peaks 12 (ethyl valerate, b.p. 144.0 °C) 
and 13 (ethyl caproate, b.p. 145.0 °C) did not achieve base-
line separation. Thus, the FFMP column was more suitable 
for the separation and analysis of FAEs.

Selectivity for Fatty Alcohols

As polar compounds, fatty alcohols may inevitably exhibit 
peak tailing in the course of their separation. However, they 
can well reflect the separation ability of the station phase rel-
ative to polar materials [39]. The separation of fatty alcohols 
on the FFMP column is shown in Fig. 6a. All of the fatty 
alcohol substances underwent baseline separation, except 
for peaks 19 (1-heptanol, b.p. 176.5 °C), 20 (2-octanol, 
b.p. 178.0–179.0 °C), 34 (stearyl alcohol, b.p. 210.0 °C), and 
35 (oleyl alcohol, b.p. 207.0 °C). The peaks were satisfactory 
with sharp and symmetrical shapes. These results indicated 
that the FFMP stationary phase and the hydroxyl groups 
of the fatty alcohols could form an appropriate hydrogen 
bond force to promote its separation selectivity for alcoholic 
substances. In addition, we separated the same fatty alcohol 
mixtures on the DB-17 column. The results in Fig. 6b illus-
trated that peaks 4 (t-butyl alcohol, b.p. 83.0 °C), 5 (1-pro-
panol, b.p. 97.0 °C), 7 (allyl alcohol, b.p. 96.0–98.0 °C), 
8 (n-butyl alcohol, b.p. 98.0 °C), 9 (2-methyl-2-butanol, 
b.p. 102.0 °C), 34, and 35 outflowed together. Peaks 15 
(1-pentanol, b.p. 138.0 °C) and 14 (2-methyl-1-pentanol, 
b.p. 148.0 °C) did not achieve baseline separation, suggest-
ing that its ability to separate aliphatic alcohols was consid-
erably worse than that of the FFMP stationary phase. There-
fore, the FFMP column has great potential application for 
the separation of aliphatic alcohols.

Selectivity for Ethers

Given that lone pair electrons were present in the oxygen 
atoms of ethers, a p–π conjugation with a large π-bond 
formed by polyphenylene occurred in the FFMP stationary 
phase, which enhanced the selectivity of the FFMP station-
ary phase to ether species. As shown in Fig. 7a, the FFMP 
column (Fig. 7a) had a good separation advantage for ether 

Table 4  Separation k andα 
of benzene isomers on FFMP 
column

Peak order Tempera-
ture (°C)

k α

k1 k2 k3 α2/1 α3/2

Xylene p.m.o 80 0.869 0.947 1.180 1.090 1.246
Cresol o.m.p 120 0.702 1.092 1.224 1.556 1.121
Nitrotoluene o.m.p 160 0.719 0.872 0.970 1.213 1.112
Nitroaniline o.m.p 200 0.732 0.970 1.556 1.325 1.604
Cyanobenzaldehyde m.p.o 150 1.158 1.244 1.347 1.074 1.083
Nitrobenzaldehyde o.m.p 150 1.624 2.182 2.438 1.344 1.117



1227Synthesis and Applications of a Novel 3,4-Bis(2-Fluoro-5-Trifluoromethyl…

1 3

species. Anisole (Peak 15, 153.8 °C) had a longer retention 
time than bis(2-methoxyethyl) ether (peak 14, 162.0 °C), 
indicating that the FFMP stationary phase had a stronger 
π-π stacking effect with ethers containing benzene rings. 
However, for the DB-17 commodity column, the results in 
Fig. 7b displayed that multiple sets of similar boiling ether 

mixtures did not achieve baseline separation on the DB-17 
commodity column. For instance, peaks 1 (diethyl ether, 
b.p. 34.6 °C), 2 (ethyl vinyl ether, b.p. 33.0 °C), 7 (ethyl 

Fig. 5  Chromatograms of the separation of FAEs on FFMP column 
(a) and DB-17column (b). Peaks: (1) methyl acetate; (2) ethyl ace-
tate; (3) butyl acetate; (4) methyl methacrylate; (5) isobutyl acetate; 
(6) methyl 3,3-dimethylacrylate; (7) ethyl butyrate; (8) butyl acetate; 
(9) amyl acetate; (10) isoamyl acetate; 11. allyl methacrylate; 12. 
ethyl valerate; 13. ethyl caproate; 14. 2-(2-ethoxyethoxy) ethylacetate; 
15. ethyl cyanoacetate; 16. benzyl acetate 17. methyl decanoate; 18. 
methyl laurate; and 19. ethyl undecylenate

Fig. 6  Chromatograms of the separation of fatty alcohols on FFMP 
column (a) and DB-17 column (b). Peaks: (1) methyl alcohol; (2) 
ethyl alcohol; (3) 2-propanol; (4) t-butyl alcohol; (5) 1-propanol; (6) 
trichloromethane; (7) allyl alcohol; (8) 2-butyl alcohol; (9) 2-methyl-
2-butanol; (10) 2-methyl-1-propanol; 11. butyl alcohol; 12. 2-amyl 
alcohol; 13. 3-methyl-1-butanol; 14. 1-pentanol; 15. 2-methyl-
1-pentanol; 16. 1-hexanol; 17. 4-hydroxy-4-methyl-2-penta–none; 
18. 3-methyl-2-buten-1-ol; 19. 1-heptanol; 20. 2-octanol; 21. 2-eth-
ylhexanol; 22. 1-octanol; 23. menthol; 24. 1-nonanol; 25. diethylene 
glycol monoethyl ether; 26. 1-decanol; 27. 1-undecanol; 28. 1-dode-
canethiol; 29. lauryl alcohol; 30. myristyl alcohol; 31. 1-pentade-
canol; 32. heptadecanol; 33. 1-hexadecanol; 34. stearyl alcohol; 35. 
oleyl alcohol; and 36. 1-icosanol



1228 B. Wang et al.

1 3

propenyl ether, b.p. 67.0–76.0 °C), 8 (1,2-dimethoxyethane, 
b.p. 85.0 °C), 19 (ethyl propenyl ether, b.p. 187.8 °C), 20 
(2-ethoxyethyl ether, b.p. 180.0–190.0 °C), 24 (4-methoxy-
phenol, b.p. 243.0 °C), and 25 (diphenyl ether, b.p. 259.0 °C) 

did not undergo baseline separation. Thus, the FFMP col-
umn was more suitable than the DB-17 commodity column 
for separating ethers.

Conclusion

In this work, we synthesized the FFMP stationary phase by 
introducing fluorine atoms and trifluoromethyl groups in 
polyphenylene, which was grafted as a lateral chain onto 
polysiloxane, and coated on the surface of fused silica 
tubes to prepare gas chromatography columns with good 
film-forming property, high column efficiency, and excel-
lent thermal stability. In addition, the Abraham system 
constants indicated that dipole-induced dipole, dispersion 
force, and hydrogen bonding were the major forces between 
the FFMP stationary phase and the analytes. As a medium 
polar stationary phase, the FFMP columns could be used 
for separating mixtures of MAHs, PAHs, aromatic isomers, 
FAEs, fatty alcohols, and ethers. Therefore, the development 
prospect of this type of stationary phase is relatively broad 
and applicable to the actual analysis of environmental pol-
lutants, such as PAHs.
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