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This work presents a novel strategy for engineering a GC stationary phase with high selectivity, inertness
and thermal stability by introducing the 3D sr-rich TP moieties to the terminals of a polar chain polymer.
Herein, we provide the first example, i.e., a new TP-terminated polycaprolactone polymer (TPP) as the
stationary phase for GC analyses. As demonstrated, the TPP column achieved distinctly improved
inertness to fatty acids and aldehydes, and dramatically enhanced thermal stability (about 100 °C higher)
over the PCL column. Also, the TPP column exhibited high resolving capability towards the positional
isomers of phenols, anilines and alkylated/halobenzenes and showed good potential in detecting minor
impurities in chemical products. Importantly, the proposed strategy is facile, feasible and generally
applicable to analogous polymers.
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For gas chromatographic (GC) analyses, baseline separation of
individual analytes in samples is essential to acquire their accurate
determinations. As known, the resolving performance of a GC
column is mainly governed by the selectivity of its stationary
phase. Also, it is affected by column inertness, particularly for those
analytes that are highly sensitive to active sites on a column, such
as volatile fatty acids, aldehydes, phenols and anilines. A column
with low inertness tends to produce severely distorted peaks for
these analytes and cannot be utilized for their direct analyses.
Currently, the methods for addressing the issues mainly include
devising selective stationary phases [1-11], derivatizing analytes
[12] and deactivating column [13-18]. Derivatization and deacti-
vation can improve the peak shapes of organic acids/bases to some
extent but require extra procedures that may bring about
additional problems.

Among the stationary phases reported, polycaprolactone diol
(PCL) (a polar chain polymer) exhibited outstanding selectivity
towards a wide range of isomers (alkylbenzenes, halobenzenes,
anilines, phenols) [8]. However, it has relatively low thermal
stability (240 °C) as other hydroxyl-terminated polar polymers
do. Take the typical polyethylene glycols (PEG) for example. The
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pristine PEG decomposes at around 234 °C [19] resulting from
the back-biting of its terminal groups. Different measures were
taken to improve its column thermal stability through cross-
linking or sol-gel coating technology [13]. Moreover, modifying
PEG with 2-nitroterephthalic acid results in an esterified
stationary phase (FFAP) with improved inertness towards
organic acids [20] (temperature limits 60°C-240/250 °C).
Regarding PCL, our previous work proved that embedding one
large rigid triptycene (TP) unit in the middle of PCL polymer (TP-
PCL) can significantly improve its thermal stability and
selectivity [21]. However, both PCL and TP-PCL columns had
low inertness to organic acids. Thus, developing a facile and
feasible strategy for engineering a GC stationary phase with high
selectivity, inertness and thermal stability would be of vital
importance for practical GC analyses.

Triptycene (TP) is composed of three arene units fused to the
[2.2.2] bicyclooctatriene bridgehead system with a three-dimen-
sional (3D) rigid zr-rich architecture [22]. Its unique structure has
become an important building block for materials to increase their
intrinsic porosity, thermal stability and solubility or reduce their
melting points [22-24]. TP-based materials have good potential as
the GC stationary phases [21,25-31]. The previous reports mainly
focused on the TP-based stationary phases having one TP moiety
embedded in the middle of their structures and two linear flexible
chains at both ends [26-30], in addition to a TP-derived macrocycle
[31]. These investigations demonstrated their improved selectivity
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Fig. 1. (a) Synthesis of TPP and (b) TGA curves of the TPP and PCL stationary phases from 30°C to 700°C at 10 °C/min under nitrogen.

and thermal stability in contrast to their counterparts without the
TP moiety. However, their inertness to highly sensitive organic
acids requires to be upgraded largely.

This work presents a novel strategy to engineer a GC stationary
phase with the combined features of high selectivity, inertness and
thermal stability by introducing the 3D swr-rich TP moieties to the
terminals of a polar chain polymer. Herein, we provide the first
example fulfilled by the strategy, i.e., a new TP-terminated PCL
polymer (TPP, Fig. 1a) as the stationary phase for GC analyses. To
our knowledge, such a unique material has not been reported up to
date. As demonstrated, the TPP column exhibited distinctly
advantageous performance in selectivity, inertness and thermal
stability in contrast to the PCL column. The proposed strategy is
facile, feasible and generally applicable to other analogous
polymers.

First, TPP was synthesized by the procedure described in Fig.1a.
First, TP-OH and PCLTS were synthesized following the procedure
described in Ref. [29]. As a result, the PCLTS product was obtained
as a white waxy solid (yield, 73.5%). "TH NMR (400 MHz, CDCls), §:
7.72-7.73 (d, 4H, Ar-H), 7.21-7.29 (d, 4H, Ar-H), 3.92-4.08 (q, 33H,
-CO-0-CH,-), 3.56-3.61 (q, 2H, HO-CH,-), 2.30 (s, 3H, Ar-CHz),
2.14-2.36(t, 33H, -0-CO-CH,-), 1.57-1.73 (m, 70H, -O-CH,—CH,-),
1.17-1.33 (p, 33H, -CH,-). Then, a 50 mL three-necked flask charged
with 0.50 g of PCLTS and 0.19 g of TP—OH (molar ratio 1:2.2),0.31 g
K,COs3 in anhydrous acetonitrile was refluxed at 81 °C for 24 h under
nitrogen. The solution was rinsed with water, dichloromethane and
saturated brine three times in turn and the lower layer was
evaporated to dryness. The residue was purified by column
chromatography (petroleum ether/ethyl acetate, 1:1, v/v), and the
TPP product (M.W. 2540) was obtained as a light yellow waxy solid
and dried under vacuum oven overnight (yield, 44.4%, m.p.
42-44°C). '"H NMR (400 MHz, CDCls), §: 7.19-7.31 (dd, 8H, Ar-H),
6.89-6.91 (dd, 8H, Ar-H), 6.32-6.41 (d, 4H, Ar-H), 5.71-5.71 (d, 4H,
Ar-H),4.20(s,4H, Ar-0-CH,-),3.97-4.01 (t,4H, Ar-O-CH,-), 3.56-
3.59 (t, 40H, -O-CO-CH,-), 2.02-2.20 (t, 40H, -O-CO-CH,-), 1.51-
1.61 (qd, 75H, -0-CH,-CH,), 1.15-1.23 (m, 40H, —CH,-).

Table 1

Next, thermal gravimetric analysis (TGA) was used to determine
the intrinsic thermal stability of TPP in comparison with PCL (M.W.
2000). As described in Fig. 1b, TPP is thermally stable up to 360 °C
with 5% weight loss, showing significantly improved thermal
stability over PCL (250 °C). These results demonstrate that TPP has
much higher thermal stability than PCL and can be an ideal
candidate as a GC stationary phase. Thus, the TPP capillary column
(10 m x0.25 mm, i.d.) was prepared by the static coating method
[21] and exhibited a column efficiency of 4347 plates/m deter-
mined by naphthalene at 120 °C. Subsequently, we performed the
investigations on the polarity, separation performance and
thermal stability of the TPP column compared with the PCL
column and the commercial DB-35 column coated with (35%
phenyl) methyl polysiloxane.

McReynolds constants are used to evaluate the polarity of a
stationary phase by the retention index differences of five probe
analytes, namely benzene (X'), 1-butanol (Y'), 2-pentanone (Z'),
1-nitropropane (U') and pyridine (S'), on a given column from a
squalane column. In this work, the constants of the TPP column
were determined by the indicated probes at 120 °C. As provided in
Table 1, the TPP column has the average polarity of 209, indicating
its moderate polarity. Its lower polarity than the PCL column stems
from the introduced TP moieties, revealing their discrepancy in
molecular interactions and possibly different separation perfor-
mance. Moreover, the DB-35MS column was used for comparison
due to its close polarity to the TPP column and its recognition as a
highly inert column.

Further, the separation performance of the TPP column was
investigated by utilizing diverse types of analytes and isomers,
including volatile fatty acids, aldehydes, phenol isomers, aniline
isomers, alkylated and halogenated benzene isomers. These
analytes are difficult to be resolved owing to their high sensitivity
to active sites on a GC column or high resemblance in
physicochemical properties. Fig. 2 shows the separation results
for the mixtures of fatty acids and aldehydes on the TPP column
and the reference columns (PCL, DB-35MS), respectively. As shown,
the TPP column achieved baseline separations of both acids and

McReynolds constants of the TPP column compared with the PCL and DB-35MS columns.

Stationary phase X' Y' zZ u' S General polarity Average polarity
TPP 142 223 172 204 303 1044 209
PCL 198 383 265 412 353 1611 322
DB-35MS 102 142 145 219 178 786 157

Note: X': benzene; Y': 1-butanol; Z': 2-pentanone; U’: 1-nitropropane; S': pyridine.
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Fig. 2. Separations of (a) fatty acids and (b) aldehydes on the TPP, PCL and DB-35MS capillary columns (10 m). Peaks for (a): (1) pentanoic acid, (2) hexanoic acid, (3) heptanoic

acid, (4) octanoic acid and (5) nonanoic acid. Peaks for (b): (1) butyraldehyde, (2) pentaldehyde, (3) hexaldehyde, (4) heptaldehyde, (5) octanal, (6) nonanal, (7) decanal and (8)
salicylaldehyde. Oven temperatures: (a) 100°C to 160 °C at 10 °C/min and (b) 90 °C to 160 °C at 10 °C/min. Flow rate: 1.0 mL/min for (a) and (b).
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Fig. 3. Separations of (a) cresol isomers, (b) benzenediol isomers and (c) chloroaniline isomers on the TPP and DB-35MS capillary columns (10 m). Oven temperatures: 90 °C
to 160°C at 5 °C/min for (a) and (c), 100°C to 160 °C at 10 °C/min for (b). Flow rate: 0.60 mL/min for (a) and (c), 1.0 mL/min for (b).
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Fig. 4. Separations of the indicated isomer mixtures varying from aploar to ploar nature. Oven temperatures: 40 °C to 160 °C at 10 °C/min for (a-e) and 70°C to 160 °C at

10 °C/min for (f). Flow rate: 1.0 mL/min for (a-f).

aldehydes with better peak shapes than the other columns. In
contrast, the PCL column showed severely distorted peaks for the
acids owing to its irreversible adsorption to them while the DB-
35MS column displayed coelution of some aldehydes and
noticeable peak broadening and tailing for the acids. The markedly
improved inertness of the TPP column over the PCL column is
mainly credited to its 3D bulky triptycene terminals that may
shield the silanol groups on the capillary surface from close contact
with the analytes and thus reduce their adverse adsorption. The
above results prove the high selectivity and inertness of the TPP
column to these highly sensitive analytes, demonstrating its
advantageous feature for their analysis.

Figs. 3a—-c present the separations of cresol isomers, benzene-
diol isomers and chloroaniline isomers on the TPP column and the
DB-35MS column, respectively. Observably, the TPP column well
resolved these acidic/basic isomers with symmetric peak shapes,
showing distinct advantages over the reference column. In contrast,
the DB-35MS column coeluted the critical pairs of p-/m-cresol, p-/m-
benzenediol and m-/p-chloroaniline. The high-resolution perfor-
mance of the TPP column is ascribed to its comprehensive molecular
interactions (H-bonding, - stacking, CH-7 and van der Waals
forces), which offer its capability for distinguishing isomers from
each other by their delicate differences in interaction strength
through the 3D 7r-rich TP units and the polar PCL unit. In addition, it
can be observed that the TPP column showed distinctly longer
retention for the phenols and anilines than the DB-35MS column,
which originate from its stronger m-7 stacking and H-bonding
interactions with these analytes than the other column, as indicated
by its higher X', Y' and S' values in Table 1.

The TPP column also exhibited high resolving capability for
other positional isomers. Figs. 4a-f provide its separations for
the isomer mixtures of diethylbenzenes, dichlorobenzenes,
dibromobenzenes, chloronitrobenzenes, bromonitrobenzenes
and nitrotoluenes. As shown, the TPP column baseline resolved
all the isomers with good peak shapes. The above results verified
the outstanding performance of the TPP column towards diverse
positional isomers with a wide range of polarity and acidic/basic
nature.
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Column repeatability and reproducibility were determined by
separations of three isomer mixtures on the TPP column, including
heptane isomers, m-/p-/o-dichlorobenzene and 1,3,5-/1,2,4-/1,2,3-
trichlorobenzenes, and evaluated by the relative standard devia-
tions (RSD) on the retention times of the analytes. As a result, the
RSD values were 0.07%-0.12% for run-to-run, 0.06%-0.25% for day-
to-day and 1.3%-4.3% for column-to-column, demonstrating its
excellent column repeatability and reproducibility. In addition, the
thermal stability of the TPP column was tested by its column
bleeding profile. Fig. 5 shows that there is no noticeable baseline
rise up to 300°C, indicating its significantly enhanced thermal
stability over the PCL column (220 °C). This dramatic increase in
thermal stability is credited to the bulky and rigid TP terminals that
can prevent the side chains from dense packing [22-24] and thus
reduce their back-biting tendency, one major reason for chain
breakage and column bleeding. Accordingly, introducing the TP
terminal units onto a polar chain polymer proves to be a facile and
feasible strategy for increasing the thermal stability of the given
stationary phase. Assuredly, a GC column with high thermal
stability is beneficial to extend its operational temperature range
and maintain stable performance for routine analyses.
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Fig. 5. Bleeding profiles of the TPP and PCL columns from 40 °C to 380 °C at 3 °C/min
under nitrogen.
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Fig. 6. Applications of the TPP column to purity monitoring of chemical products. Determination of the acidic impurity in methyl hexanoate (a) and the isomer impurities in

2,4-xylidine (b), respectively.

On the basis of the above results, we applied the TPP column to
commercial chemical products for their purity monitoring. As
described in Fig. 6, the impurity hexanoic acid was detected in the
methyl hexanoate sample with the content of 0.6% (Fig. 6a), and
2,5-/3,5-isomer impurities were found in the 2,4-xylidine sample
with the content of 0.4% and 0.2%, respectively (Fig. 6b). The above
results demonstrate the good potential of the TPP column for
practical analyses.

In summary, this work presents a novel strategy for developing
a GC stationary phase with the desired performance by introducing
the 3D mr-rich triptycene units onto a polar chain polymer. By the
strategy, we present a novel TPP stationary phase that exhibits high
inertness towards organic acids, bases and aldehydes and displays
high thermal stability, showing distinct advantages over the PCL
column. As demonstrated, the TPP column has good potential for
practical analyses. Moreover, the polymer based stationary phase
has some advantages in comparison with porous solid stationary
phases. First, its good solubility in common organic solvents favors
its uniform coating on a capillary to achieve a high column
efficiency. Second, its liquid state in the operational temperatures
promotes its solvation process of analytes to enhance its selectivity
towards analytes of high similarity. To our knowledge, this work is
the first report on employing such type of materials in separation
science. Importantly, the proposed strategy is facile and feasible
and generally applicable to other analogues polymers.
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