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Abstract

In this paper, an amphiphilic calix[8]arene with polyethylene glycol unit branches (C8 A-PEG) was synthesized and applied
for capillary gas chromatography (GC). The C8A-PEG was coated on the inner wall of a capillary column by a static method
with the column efficiency of 3165 plates/m and polar nature. As demonstrated, the C8 A-PEG column has excellent physico-
chemical properties and separation performance since it has z-electron-rich 3D cavity which combines with polar PEG units.
Compared with two columns corresponding to the construction units C8A and PEG, the C8 A-PEG column shows distinctly
advantageous performance for the mixture of 22 components with diverse types. Impressively, it shows satisfactory resolu-
tion for positional isomers and cis-/trans- isomers, especially the challenging isomers of toluidine and dimethylaniline. The
outstanding distinguishing capability of the C8A-PEG stationary phase is mainly attributed to the abundant molecular recog-
nition interactions, including van der Waals, dipole—dipole, H-bonding and z—z stacking interactions. This work has proved
that the new GC stationary phases constructed by different units can complement each other's advantages, improve their
physicochemical properties and separation performance, and have broad application prospects in chromatographic analysis.
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Introduction

Capillary gas chromatography (GC) has been widely applied
in analytical science due to the characteristics of low cost,
high sensitivity and rapid speed [1-4]. The selection of
suitable stationary phase determines the efficiency of GC
analysis, thus diverse stationary phases with high selectiv-
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> Z;?gg;z%@m& com ity, such as polysiloxane [5, 6], polyethylene glycol (PEG)
= W L [7-9], macrocycles [10, 11] and ionic liquids [12, 13] have
czcelr(;t6a(())1 @11126.com been investigated recently to meet the demand of GC sepa-

rations for a wide range of samples. PEG, is a kind of poly-
ether polymer containing repeating oxyethylene subunits
(-CH,—CH,—0-), and has been widely used as commercial
and laboratory-made stationary phases in GC owing to the
support-deactivating, low melting point and good film-
forming property [8, 14]. It exhibits high selectivity for
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polar hydrogen-bonded compounds with similar boiling
points, which can be credit to the ether bond together with
terminal hydroxyl groups greatly increase the polarity [9].
For instances, Shende et al. reported a sol-gel chemistry-
based stationary phase by surface-bonded with PEG, and it
exhibited high chromatographic performances such as high
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Scheme 1 Synthesis route of the C8A-PEG

number of theoretical plates and pronounced selectivity for
acid and aniline [8]. Qi et al. introduced the three-dimen-
sional (3D) rigid triptycene scaffold into the PEG backbone,
exhibiting high selectivity for polar aromatics and improv-
ing the distinguishing capability for anilines and phenols
isomers [15]. However, PEG is not as widely used as poly-
siloxane in GC and the major problems are the unfavorable
characteristics of easy oxidation originating from a central
cleavage around the ether bonds [16]. Moreover, there are
lesser density domains and holes with molecular size in pol-
ymer, which is caused by the irregular molecular stacking
in the amorphous phase and molecular relaxation [17-19].
These holes form the free volume and have an impact on
the physicochemical properties including viscosity and gas
permeabilities, etc. [19]. To overcome the shortcomings of
PEG for application in GC, and with the continuous explor-
ing and developing of supramolecules in chromatographic
separation, this paper proposes a strategy that incorporation
of PEG chains into the calixarene.

Calix[n]arene, as the third class of supramolecules after
crown ether and cyclodextrin (CD), having z-electron-rich
structure with highly thermal and chemical stability. It is a
kind of cavity-shape oligomer synthesized by the oligomeri-
zation of formaldehyde and 4-substituted phenols [20-22].
Due to the variable numbers of polymeric aryl units, the
calix[n]arene owns a hydrophobic cavity with higher degree
of steric flexibility in contrast to the crown ether and cyclo-
dextrin (CD) [23, 24]. In a case, 4-tertButylcalix[8]arene
(C8A) contains a cavity with inner size of 8.6 A (regular
cone conformation) larger than the y-CD (8.5 10\) [11,24],
signifying it can provide a larger ‘molecular pocket’ to
include more guest molecules, and form entities among the
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compounds of complementary topology via non-covalent
interactions [25, 26]. Owing to the enchanting aromatic
scaffold and valuable features, the C8A enables to act as
a precursor for the design, synthesis and application in GC
and high-performance liquid chromatography (HPLC). Li
et al. prepared a stationary phase named CABS using the
calix[8]arene bonded silica gel, and it exhibited high selec-
tivity for some aromatic carboxylic acids in HPLC [27].
Liu et al. reported the separation mechanism of steroids on
calix[8]arene bonded silica stationary phase in HPLC, and
it was ascribed to z-z, H-bonding and hydrophobic interac-
tions [28]. Mangia et al. first used the C8A as a GC station-
ary phase supported on Chromosorb W. Silanized, and it
successfully realized the separation of alcohols, chlorinated
hydrocarbons and aromatics [29]. In our previous work, a
stationary phase (C8A-NO,) was synthesized by modifying
the upper and low rim of C8A, and it revealed high resolv-
ing capacity for diverse isomers in GC [11]. Based on these,
this work constructed amphiphilicity architecture consisting
of hydrophobic C8A and hydrophilic PEG chains. It can
resolve the disadvantages of C8A used in GC such as poor
film-forming property and high melting point [11, 30], while
the 3D rigid C8A units can restrict the oxidative degradation
and molecular stacking of PEG [17, 19]. More importantly,
as the designed platform, the ‘molecular pocket’ of calix[8]
arene was conductive to the forming of PEG branches, and
it not only integrates the chromatographic properties of each
individual but also multiplies the interaction sites with guest
molecules.

In general, the C8A-PEG was synthesized by chemically
bonding the C8A with PEG (Scheme 1). Up to now, this is
the first example that the calix[8]arene-based PEG stationary
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phase applied in GC, even though there were some reports
on coupling calix[4]/[6]arene with PEG for GC separation
[31-33]. For investigating its chromatographic performance,
a mixture of 22 components were employed on C8A-PEG
column and compared with that on C8A, PEG, commercial
HP-35 and PEG-20 M columns, and discussing the influence
of combining two different fragments having on the selectiv-
ity by injecting aromatics and alcohols. Furthermore, vari-
ous positional isomers and cis-/trans-isomers were utilized
to challenge its distinguishing capacity.

Experimental section
Materials and instruments

All the reagents and solvents were analytical grade and with-
out further purification. 4-tert-Butylcalix[8]arene (C8A) and
polyethylene glycol (PEG, M.W. 2000) were bought from
Energy Chemical (Shanghai, China), and tosyl chloride
(TsCl) was bought from Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China). Untreated fused-silica capillary col-
umns (0.25 mm, i.d.) were bought from Yongnian Ruifeng
Chromatogram Apparatus Co., Ltd. (Hebei, China). The
commercial capillary column HP-35 (5§ mx0.25 mm, i.d.,
0.25 pum film thickness) was purchased from Agilent Tech-
nologies Co. Ltd. (Palo Alto, California, USA) and capil-
lary column PEG-20 M (5§ mx 0.25 mm, i.d., 0.25 pm film
thickness) was obtained from Lanzhou Atech Technologies
Co., Ltd. (Gansu, China). GC separations were operated on
an Agilent 7890A GC system equipped with a split injector
and a flame ionization detector (FID). High purity nitro-
gen (N,, 99.999%) was used as the carrier gas. IR spectrum
and 'H NMR spectrum were recorded on a Tensor II FT-IR
spectrometer (Bruker Platinum ART, Karlsruhe, Germany)
and a Bruker Biospin 400 MHz instrument (Bruker Biospin,
Rheinstetten, Germany), respectively.

Synthesis of the PEG-OTs [15]

Polyethylene glycol (2.00 g, 10.00 mmol), tosyl chloride
(TsCl) (0.19 g, 10.00 mmol) and triethylamine (TEA,
10 mL) were dissolved in dichloromethane (DCM, 20 mL).
The mixture was stirred for 2 h at 25 ‘C under N,. Then,
several drops of HCI1 (1 mol/L) were added into the mix-
ture, and the anhydrous Na,CO; was added into the solu-
tion. After filtering and evaporating in vacuo, the crude
product was purified by column chromatography [CH,Cl,/
MeOH (v/v=1:9)] to obtain the oil (74% yield). IR (Fig S1,
KBr, cm™!): 1095.13 (C—0-C), 1175.97 (S=0), 1188.83

(C-0-0), 1452.41 (C=C), 1597.63 (C=C), 2868.38 (CH,),
2943.79 (CH,), 3498.34 (OH).

Synthesis of the C8A-PEG

PEG-OTs (1.36 g, 0.63 mmol), C8A (0.10 g, 0.075 mmol)
and K,CO; (0.5 g, 3.62 mmol) were added in acetonitrile
(ACN, 30 mL), the mixture was stirred for 24 h at 85 °C
under nitrogen. Afterwards, the solution was washed with
deionized water and NaOH solution, then the organic phase
was evaporated in vacuo and the obtained crude product
was purified by column chromatography [CH,Cl,/MeOH
(v/v=1:9)]. The tan oil was obtained at 40 ‘C in a vacuum
(70% yield). "H NMR (Fig S2, 400 MHz, CDCl,) 6: 7.02 (s,
16H, H,), 3.74-3.60 (m, 720H, H, +H,+H,+H.+Hjy), 1.23
(s, 72H, H,). IR (Fig S3, KBr, cm™Y): 1101.43 (C-0-C),
1497.70 (C=C), 1647.45 (C=C), 2878.76 (CH,), 2957.63
(CH,), 3338.92 (OH).

Fabrication of the C8A-PEG capillary column

Using untreated fused-silica capillary column (5 mx0.25 m,
i.d.) to fabricate the C8A-PEG column. First, the column
was pretreated with a saturated solution of NaCl in Methanol
(MeOH) and conditioned up to 200 “C (held 3 h) under N, to
rough its inner wall. Then, a solution of C§8A-PEG in DCM
(0.3%, wlv) was injected and the stationary phase was coated
onto the capillary column by a static method [10, 34]. Spe-
cifically, one end of the column was sealed and the other was
connected to the vacuum system, then the solvent was slowly
evaporated at 40 “C. Finally, the coated C8A-PEG column
was conditioned from 40 °C (held for 30 min) to 160 C at
the rate of 1 ‘C/min and maintained for 7 h under N,. C8A
and PEG columns were fabricated with the same procedure.

Results and discussion

Characterization of the C8A-PEG stationary phase
and its capillary column

The inherent thermal stability of C8 A-PEG stationary phase
was investigated by carrying out thermogravimetric analysis
(TGA). As shown in Fig. 1a, a 5% weight loss of C8A-PEG
remained at 312 “C which is superior to that of PEG (191
‘C), reflecting the greatly heightened features by covalently
bonding with thermotolerant C8A (5% weight loss at 355
°C). To comprehensively evaluate the column efficiency of
C8A-PEG column, Golay curves were plotted by measuring
the height equivalent to a theoretical plate (HETP) under
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Fig.1 a TGA curves for C8A-PEG, C8A and PEG stationary phases; b Golay curves of the C8A-PEG and PEG columns determined by naph-

thalene at 120 °C

different flow rates at 120 °C, using naphthalene as a sol-
ute. As shown in Fig. 1b, the minimum HETP of C8 A-PEG
column remained 0.32 mm at 0.40 mL/min, corresponding
to a column efficiency of 3165 plates/m, and it was greatly
improved compared to the 1748 plates/m of PEG column.
The result revealed the functionalization not only efficiently
restricted the molecular stacking of PEG chains but also
improved the film-forming ability of calix[8]arene.

Moreover, the McReynolds constants were determined by
injecting five probes including benzene (X"), 1-butanol (Y”),
2-pentanone (Z"), 1-nitropropane (U') and pyridine (S’) into
the capillaries at 120 °C [35, 36]. As shown in Table 1, the
average value of C8A-PEG stationary phase (402) suggested
the high polarity, and it was lower than that of PEG and
PEG-20 M stationary phases and higher than that of HP-35
and C8A stationary phases. The result can be attribute to the
molecular distribution of PEG chains, which greatly affect
the retention interactions between C8A-PEG stationary
phase and analytes. Especially, the greatest values of Y’, U’
and S’ indicated that C8A-PEG column had strong dipolar
and H-bonding interactions with testing probes due to the
presence of PEG chains [13], and it may affect the selectivity
of C8A-PEG column for polar analytes.

Separation performance and selectivity
of the C8A-PEG capillary column

Selectivity for a mixture of 22 components

To more comprehensively investigate the selectivity of C8A-
PEG stationary phase, the chromatogram of separating a
mixture of 22 components was obtained with C8A-PEG
column and compared to these obtained with PEG, C8A,
commercial HP-35 and PEG-20 M columns. As illustrated
in Fig. 2, C8A-PEG column had outstanding separation
capability over its two bonded units (C8A and PEG) col-
umns and two commercial columns, and achieved baseline
separation (R~ 1.5) for all the components while C8A col-
umn exhibited seriously tailing peaks and other columns
co-eluted or overlapped some analytes. Especially, some
were co-eluted or overlapped on PEG column, such as the
adjacent pairs of n-butylbenzene/n-tridecane (peaks 6/7 b.p.
183 °C/235 °C), 2,3-butanediol/1,2,4-trichlorobenzene/n-
hexadecane (peaks 13/14/15 b.p. 183 °C/211 °C/287 *C) and
1,4-dibromobenzene/2-dodecanone (peaks 16/17 b.p. 219
°C/247 °C). This finding revealed that the C8A-PEG and PEG
stationary phases had some differences in retention behaviors

Table 1 McReynolds constants

Stationary phases X' Y z' U’ S’ General polarity Average
of the C8A-PEG, C8A, PEG, polarity
PEG-20 M and HP-35 columns

C8A-PEG 265 473 320 515 436 2009 402

C8A 111 126 73 120 165 595 119

PEG 292 521 355 544 486 2198 440

PEG-20 M 303 520 352 557 485 2217 443

HP-35 98 151 144 228 178 800 160

X' benzene, Y’ 1-butanol, Z' 2-pentanone, U' 1-nitropropane, S’ pyridine. temperature: 120 ‘C
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Fig.2 Chromatograms of a mixture of 22 components with diverse
types obtained using C8A-PEG, C8A, PEG, HP-35 and PEG-
20 M columns. Peaks: (1) ethylbenzene, (2) 1-bromohexane, (3)
methyl hexanoate, (4) 1,3,5-trimethylbenzene, (5) 1-bromohep-
tane, (6) n-butylbenzene, (7) n-tridecane, (8) methyl octanoate, (9)
1,4-dichlorobenzene, (10) 1-heptanol, (11) 1,3,5-trichlorobenzene,

even though these exhibited high similarity in retention
order, and it can be credit to the introduction of z-electron-
rich C8A. More than these, using C8A-PEG column also
attained an interestingly later elution for the alcohols and
anilines compared with using HP-35 column. In particular,
it reversed the order of alcohols/n-alkanes with huge differ-
ence in boiling points (>46 “C), most probably due to the
molecular distribution of PEG increased the polarity of sta-
tionary phase and enhance the dipole—dipole and H-bonding
interactions with polar hydrogen-bonded compounds. This
finding can be confirmed as follows: the adjacent pairs of
n-tridecane/methyl octanoate/1,4-dichlorobenzene/1-hep-
tanol (peaks 7/8/9/10 b.p. 253 “C/179 °C/174 °C/156 C),
n-pentadecane/2,3-butanediol (peaks 12/13 b.p. 268 ‘C/183
‘C), 2-dodecanone/1-decanol/2,6-dimethylaniline (peaks
17/18/19 b.p. 247 C/233 °C/216 C) and n-hexadecane/2-
dodecanone/1-undecanol (peaks 15/17/20 b.p. 287 ‘C/247

Time (min)

(12) n-pentadecane, (13) 2,3-butanediol, (14) 1,2,4-trichloroben-
zene, (15) n-hexadecane, (16) 1,4-dibromobenzene, (17) 2-dodecan-
one, (18) 1-decanol, (19) 2,6-dimethylaniline, (20) 1-undecanol, (21)
2,6-dimethylnaphthalene and (22) 1-dodecanol. Temperature pro-
gram: 40 °C (keep 1 min) up to 160 ‘C (keep 5 min) at 10 “C/min and
flow rate: 0.6 mL/min

‘C/241 °C) were eluted against their boiling point but rel-
evance with polarity on C8A-PEG column, and the result
was consistent with that on PEG and PEG-20 M columns
but contrary to that on HP-35 column.

Selectivity for the m-conjugated analytes

Furthermore, the elution of trimethylbenzene isomers,
dichlorobenzene isomers and alcohols on C8A-PEG and
PEG columns were performed to clarify the selectivity of
C8A-PEG stationary phase for z-conjugated analytes. As
shown in Fig. 3a, the C8A-PEG column still retained the
1,2,4-trimethylbenzene and 1,2-dichlorobenzene more
strongly than the adjacent alcohols if compared to the
PEG column, even though both of them allowed strong
dipole—dipole and H-bonding interactions with alcohols.
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Fig.3 a Chromatograms of trimethylbenzene isomers, dichlo-
robenzene isomers and alcohols: 1-pentanol, 1-hexanol, 1-heptanol
obtained using C8A-PEG and PEG columns, b the retention differ-

The same phenomenon can be obtained from Fig. 3b, the
increasing value of retention difference (Ak) reflected that
the prolonged retention time on C8A-PEG column, in par-
ticular the more extended trend of trimethylbenzene and
dichlorobenzene. This selectivity for the aromatics can be
credit to the aromatic cavities to enhance the z-7 stacking
interaction between them.

Resolving capacity for the aniline isomers

Aniline is widely applied in the chemical industry, and it
was commonly considered to be high toxicity and carcino-
genicity [37]. However, the separation of aniline isomers
is a challenge due to their extremely high similarity in
physical and chemical properties, and researches usually
perform the detection with pre-treatment method including
derivatization and microextraction in practice [37, 38]. It
is meaningful to develop a high-performance stationary
phase for the rapid and efficient separation, to simplify
the operational steps. As above mentioned, the amphiphi-
lic C8A-PEG integrated the chromatographic properties
of each unit, in a case the presence of PEG and cavity-
shaped C8A was conductive to the special selectivity for
indicated compounds. This complementary advantage is
more prominent, if separating dimethylaniline or toluidine
isomer mixtures with high similarity in structure, boiling
point and dipole moment (Fig. 4 and Table S1). As can
be seen, the C8A-PEG column revealed higher resolu-
tion for all the critical pairs of isomers and a better peak
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ence of retention factor (Ak=kcgs ppg-kppg) between C8A-PEG and
PEG columns. GC conditions on two columns: 40 ‘C (1 min) to 160
°C at 10 ‘C/min. Flow rate at 0.6 mL/min

shape for most components (Table S2) than the bonded
unit (C8A, PEG) columns, especially it achieved baseline
separation (R~ 1.5) for all the mixtures while PEG col-
umn overlapped critical pair of 2,3-/3,4-dimethylaniline
(R;3.534.=1.41 on PEG column). In view of the unique
structure, the high-performance might be conductive to
synergetic effect of molecular dipole—dipole, H-bonding
and 7—x stacking interactions.

Resolving capacity for various positional and cis-/
trans-isomers

Furthermore, various positional isomers and cis-/trans-
isomers were employed to evaluate the separation capa-
bility of C8A-PEG stationary phase. Figure 5 showed the
chromatograms of using C8A-PEG separated aromatic
isomers containing methylnaphthalene (Fig. 5a) and
dimethylnaphthalene (Fig. 5b), halogenated benzenes
(Fig. 5c—f), benzaldehydes (Fig. 5g and h) and dimeth-
ylphenol (Fig. 51). All the isomers ranging from non-
polar to polar obtained baseline separation (R~ 1.5) on
C8A-PEG column, which can be attribute to C8A-PEG
allowed molecular van der Waals, z—z, H-bonding and
dipole—dipole interactions with guest molecules. Figure 6
presents the separations of the nine cis-/frans-isomers on
the C8A-PEG column. As shown, all the isomer mixtures
were completely separated (R~ 1.5) with satisfactory chro-
matographic peak shapes on C8A-PEG column. The above
findings indicated that the C8A-PEG column can separate
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Fig.4 Chromatograms of toluidine and dimethylaniline isomers obtained using C8A-PEG, C8A and PEG columns. Temperature program: 40 C
(keep 1 min) up to 160 °C (keep 5 min) at 10 “C/min and flow rate: 0.6 mL/min

different types of isomers and have good resolution ability
for highly similar analytes.

Conclusion

This work presents employing amphiphilic calix[8]arene
as a new type of stationary phase for GC separations. An
amphiphilic calix[8]arene polymer stationary phase was
constructed by covalent bonding of calixarene and poly-
ethylene glycol units, which inherited their respective per-
formance advantages and selectivity characteristics. First,

the separation capacity of the C§A-PEG column for com-
plex samples clearly outperformed that of the C8A and
PEG columns. Second, the C8A-PEG column has special
retention interactions on aromatic and H-bonded analytes.
As demonstrated, the C8A-PEG column exhibited high-
resolution performance for different types of analytes
and their isomers, especially the isomers of toluidine and
dimethylaniline, which are difficult to separate in GC. The
above work proves that the new GC stationary phases based
on different material compositions can give full play to
their respective advantages, and inspires us to develop
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robenzaldehyde and i dimethylphenol obtained using C8A-PEG col-
umn. Temperature program: 40 ‘C (keep 1 min) up to 160 ‘C (keep
5 min) at 10 ‘C/min and flow rate: 0.6 mL/min
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Fig.6 Chromatograms of cis-/trans-isomers: a acetaldoxime, b nerol/ clohexanol obtained using C8A-PEG column. Temperature program:
geraniol, ¢ nerolidol, d 2-methyl-4-propyl-1,3-oxathiane, e 2,5-dihy- 40 °C (keep 1 min) up to 160 C (keep 5 min) at 10 ‘C/min and flow
dro-2,5-dimethoxyfuran, f 2,5-dimethyltetrahydrofuran, g 2,5-dimeth- rate: 0.6 mL/min

oxytetrahydrofuran, h decahydronaphthalene and i 4-tert-butylcy-
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more stationary phases with special structures to meet the
requirements for separating complex samples.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s44211-023-00307-7.
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