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adaptable organogels based on dynamic trans-
esterification chemistry: separation of toluene
from azeotropic mixtures†

Suman Debnath, Swaraj Kaushal, Subhankar Mandal and
Umaprasana Ojha *

New covalent adaptable networks (CANs) possessing processability and recyclability to monomers are

desirable as an alternative to traditional plastics to address plastic waste-related issues. Moreover, conven-

tional polymeric networks are generally insoluble in organic solvents. Herein, we report a set of CANs that

can be dissolved in alcoholic solvents via reactive depolymerization and fully recycled to monomers. In

this study, we have utilized trans-esterification of α-substituted β,β’-diesters with multi-hydroxy com-

pounds under moderate temperature conditions (110–140 °C) to develop a set of polyester-based CANs.

The synthesized CANs showed ultimate tensile strength (UTS) and elongation at break values up to ∼1.1
MPa and ∼595%, respectively. These CANs showed thermal stability up to 215 °C. The films were stable

under acidic and basic conditions. These CANs readily depolymerized and dissolved in an alcoholic

solvent at ∼120 °C within 15 h via competitive trans-esterification with the solvent. The films re-formed

on evaporation of the solvent followed by curing at 140 °C. The reprocessed CANs exhibited UTS (∼1.0
MPa) and Young’s modulus (∼1.8 MPa) values comparable to the original samples. Due to their simple

synthesis, solvent processability, recyclability, economically reliable starting materials and moderate pro-

cessing temperature, these polyester CANs may be suitable for various commercial applications. The

CANs swiftly and selectively absorbed aromatic compounds compared to other organic solvents and

swelled by ∼750 wt% in toluene within 90 min. These properties were utilized to efficiently separate aro-

matics from various azeotropic mixtures involving toluene, methanol and water.

Introduction

Crosslinked polymeric networks possessing dynamic covalent
linkages capable of undergoing a reversible exchange reaction
in the presence of external stimuli are an important area of
research in materials science.1,2 These covalent adaptable net-
works (CANs) or dynamic covalent networks are able to match
the mechanical properties,3 thermal stability,4 and solvent re-
sistance5 of conventional thermosets and overcome the associ-
ated nonprocessability issue.6 Dynamic covalent linkages
present in these CANs undergo swift exchange reaction when
triggered by external stimuli such as temperature,7 light,8

solvents9,10 and reagents.11 This enables a change in the topo-
logy of CANs and reprocessability of the samples under
specific conditions.12 Therefore, these CANs are favorable can-
didates for a range of applications including recyclable com-
modity plastics,13 self-healing materials,14 shape memory
polymers,15,16 reversible adhesives,17 actuators,18 and coat-
ings.19 Several functional linkages including Diels–Alder
adducts,20 imines,21 Michael adducts,22 amides,23

hydrazones,24,25 urethanes,26,27 disulfide linkages,28 vinyl-
ogous urethanes,29 carbonates,30 and boronate esters31 have
been successfully studied as dynamic linkages in CANs. Some
of the CANs have also shown the ability to recycle back to
monomers under specific conditions.32 Recyclability enables
swift degradation of the CANs via depolymerization to the
corresponding monomeric precursors.

Hydrogels and organogels based on dynamic covalent lin-
kages are an important class of materials.33,34 Such gel
systems have exhibited self-healing ability,35 responsiveness,36

and dynamic control of the morphology37 and are studied for
their potential use in drug delivery matrices,38 scaffolds for

†Electronic supplementary information (ESI) available: HRMS, NMR and FTIR
spectra of model compounds, stress relaxation data, mechanical properties of
the original and reprocessed films, molar composition, optimization of data,
mechanical property data comparison of the original and reprocessed CANs, and
the activation energy calculation procedure. See DOI: 10.1039/c9py01807g
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polymerization,39 stem cell culture,40 injectable hydrogels,41

strain sensors,42 and burn wound healing.43 Efforts have been
made to tailor the stiffness of the hydrogels via controlling the
crosslink using light as a stimulus.44,45 Recently, small mole-
cule-based stimuli-responsive reversible hydrogels have been
developed based on amine–formaldehyde chemistry.46

Therefore, the design of new organogel systems based on
dynamic covalent linkages is desirable for various materials
applications.

Among the several reported CANs, dynamic polyesters with
a wide range of mechanical properties are one of the widely
studied class of CANs due to their potential applications in
several areas.47,48 Typically, trans-esterification catalysts such
as Zn(acac)2,

49 Sn(Oct)2,
50 and Brønsted acid51 are utilized to

improve the efficiency of the exchange reaction in these CANs.
A range of precursors have been designed and utilized for the
development of dynamic ester-based networks in the
literature.52,53 Recently, we have utilized β,β′-diesters as acti-
vated precursors to develop catalyst-free polyester vitrimers.54

The β,β′-diesters possessing no substituents in the α position
reached trans-esterification equilibrium within 3 h at 100 °C
in the presence of 5 mol% Sn(Oct)2. However, substituents at
the α position are necessary to increase the number of ester
functionalities and enhance the versatility of the precursor.
Furthermore, multi-functional ester precursors will enable the
use of low molecular weight hydroxyl precursors and the devel-
opment of fully recyclable polyester CANs.

In this report, we have studied the effect of α-substitution
on the rate of trans-esterification of β,β′-diesters using α-alkyl
substituted β,β′-diesters as model compounds and Sn(Oct)2 as
a trans-esterification catalyst under moderate temperature con-
ditions. Subsequently, several CANs were designed and pre-
pared utilizing the above trans-esterification reaction as the
key reaction. The thermal and mechanical properties of the
resulting CANs were analyzed. The solvent processability and
recyclability of these CANs were evaluated. The swellability of
these CANs in different organic solvents was evaluated and
subsequently the CANs were utilized to separate aromatics
from azeotropic mixtures under ambient conditions.

Experimental
Materials

α-Butyl diethylmalonate (BEM, TCI Chemicals, >99.0%),
n-hexanol (Alfa Aesar, 98.0%), tin(II) 2-ethylhexanoate
(Sn(Oct)2, TCI Chemicals, >85.0%), 1,6-dibromohexane (Avra
Synthesis, 98.0%), diethyl malonate (DEM, SD Fine Chem,
98.0%), potassium carbonate anhydrous (Fisher Scientific,
99.0%), acetonitrile (Merck, 99.0%), ethyl acetate (Fisher
Scientific, 98.0%), sodium sulphate anhydrous (Finar
Chemicals, 99.0%), triethanolamine (TEA, SD Fine Chem,
99.0%), pentaerythritol (PTE, Himedia Laboratories, >98.0%),
poly(tetramethylene oxide) diol (PTMO, Sigma-Aldrich, Mn ∼
2900), n-butanol (Nice Chemicals, 99.0%), deionized water col-
lected from a PURELAB Option-Q water purifier, N,N-dimethyl-

formamide (DMF, Spectrochem, 99.0%), dimethyl sulphoxide
(DMSO, Fisher Scientific, 98.0%), toluene (Fisher Scientific,
99.5%), octanol (Merck, 99.0%), methanol (SD Fine Chem,
99.0%), acetone (Molychem, 99.0%), and CDCl3 (Sigma-
Aldrich, 99.8 atom% D) were used as received, unless other-
wise stated.

Characterization

A JEOL-400 YH NMR spectrometer was used to record 1H and
13C NMR spectra at a 25 °C probe temperature. FTIR spectra
were acquired using a PerkinElmer Spectrum Two with a PIKE
MIRacle single reflection horizontal ATR accessory. An Agilent
Accurate-Mass Q-TOF LC/MS 6520 was used for recording
ESI-HRMS mass spectra and the peaks were assigned m/z
values (% of the base peak). The ultimate tensile strength
(UTS) of polymer films was measured by using an H5KL,
Tinius Olsen machine in generic tensile mode using rectangu-
lar film specimens with a width of ∼5 mm and a thickness of
∼0.8 mm. Tensile data were recorded at ∼25 °C with a 5.0 mm
min−1 machine speed. For representing the data, we have
taken the average of three measurements. Young’s moduli (E)
were calculated from the linear region of tensile traces.
Dynamic mechanical analysis (DMA) was performed on a DMA
Q-800 TA instrument in tension mode using the 50 ASTM
D4065-01 procedure. Stress relaxation experiments were con-
ducted at a constant strain value of 0.5% in compression
mode and data were collected after 10 min of reaching the
equilibrium. After normalization of the modulus, the acti-
vation energy was calculated. The width and thickness of the
rectangular specimen samples were ∼5 and ∼1.5 mm, respect-
ively. Thermal gravimetric analysis (TGA) was carried out using
a TGA PT1000 Linseis system under a N2 atmosphere. For TGA,
15 mg of powdered samples were heated up to 700 °C at a
10 °C min−1 ramp. A DSC 4000 PerkinElmer instrument was
used for the recording of differential scanning calorimetry
(DSC) data under a N2 atmosphere (50 mL min−1). During
measurement, a finely powdered sample was taken in alumi-
num foil and heated from 0 °C to 180 °C at a rate of 10 °C
min−1. After cooling to 0 °C, the sample was again heated to
180 °C to obtain glass transition temperature (Tg) values. For
recording the ultraviolet-visible (UV-Vis) spectra, a UV-VIS 3200
instrument (Lab India) was used and data were collected at a
1 nm min−1 scan rate.

Synthesis of tetraethyl octane-1,1,8,8-tetracarboxylate (TEOC)

Diethyl malonate (20.0 g, 125.0 mmol), 1,6-dibromohexane
(7.6 g, 31.3 mmol) and anhydrous potassium carbonate
(25.8 g, 186.9 mmol) were added to 150 mL acetonitrile and
the mixture was allowed to reflux for 18 h. The reaction
mixture was cooled to room temperature, the solvent was evap-
orated and the residue was poured into water. The product was
extracted with ethyl acetate. The organic fraction was washed
with water two times and dried over anhydrous sodium
sulphate. Excess diethyl malonate was removed under low
pressure conditions at 140 °C. 1H NMR (400 MHz, CDCl3)
δ (ppm): 4.2 (q, 8H, –OCH2–CH3), 3.3 (t, 2H, –CH(COO)2–), 1.8
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(m, 4H, –CH2–CH2–), 1.3 (m, 4H, –CH2–CH2–CH2), 1.1 (t, 12H,
–CH3).

13C NMR (100 MHz, CDCl3) δ (ppm): 169.8 (–COO–),
61.3 (–O–CH2), 52.3 (–CH–(COO–)2), 29.0 (–CH2–), 27.4
(–CH2–), 13.9 (–CH3). FTIR (cm−1): 786 (m, C–H), 860 (s, C–H),
1175 (s, C–O), 1729 (s, –COO–), 2860 (m, C–H), 2935 (m, C–H).

Synthesis of butyl hexylmalonate (BHM)

α-Butyl diethylmalonate (BEM, 0.5 g, 2.3 mmol) and
n-hexanol (0.9 g, 9.2 mmol) were taken in a round-bottomed
flask and 5 mol% of Sn(Oct)2 (46.8 mg, 0.11 mmol) with
respect to BEM was added to the above mixture at 140 °C.
The reaction was carried out under solvent-free conditions
for 5 h. The product was directly used for characterization
without any further purification. 1H NMR (400 MHz, CDCl3)
δ (ppm): 4.1 (q, 4H, –COOCH2CH2–), 3.3 (t, 2H, –CH(COO)2–),
1.9 (m, 6H, –CH2–CH2–CH–), 1.6 (m, 12H, –COOCH2CH2–),
1.3 (m, 4H, –CH2–CH2–CH2), 0.9 (t, 9H, –CH3).

13C NMR
(100 MHz, CDCl3) δ (ppm): 169.8 (–COO–), 65.6 (–(COO)2–
CH2–CH2), 52.2 (–CH–(COO–)2), 31.40 (–CH2–CH2–), 28.6
(–CH2–CH2–), 25.7 (–CH2–CH2–), 22.4 (–CH2–CH3), 13.9
(–CH3). FTIR (cm−1): 796 (s, C–H), 890 (s, C–H), 1157 (s, C–O),
1734 (s, –COO–), 2860 (m, C–H), 2931 (m, C–H), HRMS
(ESI-TOF) m/z: [M + H] calculated for [C19H36O4] = 329.2693.
Found 329.2681.

Synthesis of TEOC-based CANs

TEOC (2.0 g, 5.0 mmol), PTE (0.8 g, 6.0 mmol) and Sn(Oct)2
(0.2 g, 10 mol% with respect to TEOC) were taken in a round-
bottomed flask and heated at 140 °C for 8 h. Then the mixture
was poured into a Teflon Petri dish and kept for 12 h in a
vacuum oven at 140 °C for curing purposes.

Degradation and reprocessing of the CANs

Small pieces of the CANs (5.0 g) were taken in a round bot-
tomed flask with n-butanol (20 mL) and refluxed at 120 °C for
15 h. The strips dissolved and a homogeneous solution was
obtained. Subsequently, the solvent was evaporated and the
mass was incubated at 140 °C for 12 h in a vacuum oven for re-
formation of the networks.

Swelling ratio of the samples

Different CAN (TEOC-PTE, TEOC-TEA, TEOC-PTMO, and
TEOC-PTMO-PTE) films (100 mg) were immersed in organic
solvents, e.g. toluene, octanol, acetone, DMF, methanol and
water. The weight gain was measured after different time inter-
vals by a gravimetric method till saturation. The swelling ratio
was calculated using the following equation:

Weight Swelling Ratio ¼ Final Weight � Initial Weight
Initial Weight

� 100%

Separation of toluene from azeotropic mixtures with CANs

Binary (toluene : methanol = 1.15 : 0.38, vol : vol) and ternary
azeotropes (toluene : methanol : water = 1.15 : 0.19 : 0.06, vol :
vol) were prepared by following reported procedures.55,56 A
TEOC-PTMO-PTE strip (200 mg) was dipped in the above azeo-

tropic mixture. The strip was removed after regular time inter-
vals and the peak absorbance at 260 nm in the UV-Vis spectra
of the azeotropic mixture was monitored to determine the con-
centration of toluene.

To examine the reusability of the CAN films, the soaked
TEOC-PTMO-PTE film was heated at 110 °C for 1 h to evapor-
ate the solvent. The dry TEOC-PTMO-PTE film was again
dipped in a fresh azeotropic mixture and the toluene absorp-
tion efficiency was monitored. The above process was carried
out for five consecutive cycles of soaking and drying.

Results and discussion
Study of model compounds

BEM possessing structural similarity to the polymerizable tet-
raester (TEOC) was chosen as the model compound and the
rate of trans-esterification with n-hexanol was studied in the
presence of Sn(Oct)2 (Scheme 1). At 140 °C, the trans-esterifica-
tion reaction reached equilibrium within 2 h in the presence
of 5 mol% Sn(Oct)2 under solvent-free conditions. In 1H NMR
spectra, the intensity of the quartet at 4.2 ppm for
–COOCH2CH3 gradually decreased and new multiplets at
4.1 and 1.6 ppm accountable to –COOCH2CH2– and
–COOCH2CH2– of the product appeared, suggesting the suc-
cessful exchange of the ethoxy moiety with the n-hexyloxy
group in BEM (Fig. 1A and B). Similarly, a new peak at
65.6 ppm accountable to –COOCH2CH2– appeared and the
peak at 61 ppm for –COOCH2CH3 in BEM disappeared, sup-
porting the conversion (Fig. 1C). The principal peak at
329.2681 (M + H) accountable to the exchanged product
(BHM) was observed in HRMS spectra (Fig. S1, ESI†). The con-
version of the above trans-esterification was monitored under
different temperature conditions (110–140 °C) until equili-
brium. The half-lives (t1/2) of the above reactions were used to
determine the rate constant (k) using a second-order rate
equation. The k values were subsequently plotted against
the temperature to construct an Arrhenius plot and determine
the activation energy (Ea) of the reaction (Fig. 2). The Ea
value of the trans-esterification reaction between α-alkyl substi-
tuted β,β′-diesters and primary alcohols was around 157.8 ±
4.8 kJ mol−1.

Synthesis of polyester-based CANs

On the basis of the model compound study, the CANs were
synthesized at 140 °C with adequate Sn(Oct)2 (10 mol% with
respect to TEOC) loading. Four different CANs were syn-
thesized using TEOC and three different multi-ols. The molar
compositions of TEOC and multi-ols were optimized based on
their tensile properties (Table S1, ESI†). The molar ratio of
TEOC : PTE = 5 : 6 (mol : mol) was used to prepare the
TEOC-PTE CAN. Similarly, the other CANs were synthesised
using a suitable molar ratio of TEOC to the multi-ol (Table 1).
The CANs were colored and were mostly transparent in nature
(Fig. 3B). The mechanical and thermal properties of the CANs
were measured (Table 2). UTS and E values were obtained in
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Scheme 1 Trans-esterification of the model compound and synthesis of polyester-based CANs using TEOC and different multi-ols.

Fig. 1 (A and B) 1H NMR and (C) 13C NMR spectra of the precursor and reaction mixture recorded at different time intervals. The reaction of BEM
and n-hexanol was conducted in the presence of Sn(Oct)2 at 140 °C. The peak marked with “◆” represents the amount of n-hexanol present in the
reaction mixture. The schematic on the top of the figure shows the exchange of the ethoxy moiety with the n-hexyloxy group in the ester.
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the range of 0.1–1.1 MPa and 0.7–1.8 MPa, respectively. The
CANs synthesized using a mixture of PTMO and PTE exhibited
a UTS value of 1.1 MPa and elongation at break (ε) values up to
301%.

The CANs based on PTMO and TEOC exhibited a maximum
ε value of 595%. The storage modulus (E′) values of the CANs
were obtained in the range of 0.8–4.9 MPa. The E′ values were
higher than the loss modulus (E′) values in all the cases, sup-
porting the crosslinked nature of the sample (Fig. 3D).57 The
DMTA plots of the CANs revealed that the E′ values were

Fig. 2 (A) The conversion plots of the trans-esterification of BEM with n-hexanol at 140 °C, 130 °C, 120 °C and 110 °C. The ratio between BEM and
n-hexanol was 1 : 4 (mol : mol) for the trans-esterification reaction. (B) The Arrhenius plot of the trans-esterification reaction is constructed by plot-
ting the t1/2 values under different temperature conditions using second-order kinetics.

Table 1 Composition and nomenclature of CANs

Codeb Multi-ol TEOC (mmol) Multi-ol (mmol)

TEOC-PTE PTE 4.97 5.96
TEOC-TEA TEA 4.97 5.97
TEOC-PTMO PTMO 4.97 2.76
TEOC-PTMO-PTEa PTMO/PTE 4.97 6.00

a PTMO : PTE = 1.2 : 4.8 (mmol : mmol). b 10 mol% of Sn(Oct)2 with
respect to TEOC was used in all the cases and the reaction temperature
was 140 °C.

Fig. 3 (A) Tensile plots of the CANs, (B) photographs of different CAN films, (C) DMTA traces and (D) the frequency sweep plots of the CANs.
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retained up to 140 °C under thermomechanical conditions. A
sharp decline in the E′ value occurred on increasing the temp-
erature beyond 140 °C, suggesting the onset of the relaxation
of the CANs. Interestingly, small exothermic humps were
noticed in the temperature range of 120–140 °C in the DSC
spectra of all CANs (Fig. 4B). Both the DMA and DSC data
suggested that the relaxation temperature of the CANs may be
in the range of 120–140 °C. The crosslink density (dc) values of
the CANs were determined from the plateau modulus data at
temperatures in the range of 168–201 °C. The values were
obtained in the range of 0.03 × 10−3 to 0.13 × 10−3 mol cm−3.
Only the CAN (TEOC-PTMO-PTE) synthesized using PTMO and
PTE exhibited stress relaxation behavior and the Ea value
(145.0 kJ mol−1) calculated from the corresponding Arrhenius
plot was similar to that from the model compound study
(Fig. S2, ESI†). However, the other networks failed to show
stress relaxation characteristics, which may be attributed to
the unavailability of free –OH groups in these CANs and the
absence of a possible trans-esterification exchange reaction.

The CANs showed thermal stability above 200 °C and the
onset of weight loss in TGA traces was observed at ∼215 °C
(Table 2, Fig. 4A). The maximum weight loss occurred between
300 and 420 °C. Polyesters are known to degrade above 300 °C
from the literature.58 The stability of these CANs was moni-
tored in acidic and basic solutions. The CAN films were
dipped in acidic and basic media for 12 h at room tempera-
ture. The films were subsequently removed, dried and sub-
jected to tensile measurement. The tensile plots of the recov-
ered films were similar to those of the pristine films (Fig. 5A).

Table 2 Mechanical and thermal properties of the CANs

CANs UTSa (MPa) εa (%) Ea (MPa) TGAc (°C) E′b (MPa) dc × 103 (mol cm−3)

TEOC-PTE 0.5 ± 0.06 30.0 ± 3.0 1.8 ± 0.04 215 4.9 ± 0.4 0.13 ± 0.06
TEOC-TEA 0.1 ± 0.01 23.0 ± 3.0 1.1 ± 0.01 205 1.2 ± 0.1 0.07 ± 0.04
TEOC-PTMO 0.3 ± 0.06 595.0 ± 15.0 0.8 ± 0.01 200 0.8 ± 0.1 0.05 ± 0.02
TEOC-PTMO-PTE 1.1 ± 0.03 301.3 ± 22.0 0.7 ± 0.03 210 1.1 ± 0.1 0.03 ± 0.01

a From tensile analysis, the UTS, elongation at break (ε) and E values were calculated. b The values were obtained from DMTA analysis.
c Represents the onset of decomposition in TGA measurement.

Fig. 4 (A) TGA traces of different CANs. (B) The second heating DSC traces of different CANs recorded under a N2 atmosphere.

Fig. 5 (A) Tensile data of the original sample and the samples after
removal from acidic and basic solutions, acetone, methanol, and DMF after
12 h, (B) weight loss data of different CANs in the DMF solvent, and (C) fre-
quency sweep data of the original sample and the samples after removal
from acidic and basic solutions, acetone, methanol and DMF after 12 h.

Paper Polymer Chemistry

1476 | Polym. Chem., 2020, 11, 1471–1480 This journal is © The Royal Society of Chemistry 2020

Pu
bl

is
he

d 
on

 2
9 

 2
02

0.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7.

5.
20

25
 1

5:
29

:3
9.

 
View Article Online

https://doi.org/10.1039/c9py01807g


Similarly, E′ versus frequency plots were comparable to
those of the original CAN films and E′ values of acid- and base-
treated films were observed in the range of 1.0–1.2 MPa
(Fig. 5C). The weight loss of different CANs in DMF was below
6% after 12 h of dipping under ambient conditions (Fig. 5B).
In other solvents such as acetone, THF and methanol, the
weight loss was limited to 4% only. The UTS values of the
solvent-processed samples were in the range of 0.9–1.1 MPa.
The above data suggested that these CAN samples possess ade-
quate solvent tolerance.

Solution reprocessability of the CANs

These CANs were anticipated to depolymerize in alcoholic sol-
vents via competitive trans-esterification reaction under
moderate temperature conditions. Small pieces of
TEOC-PTMO-PTE were taken in a round-bottomed flask and
the mixture was refluxed at 120 °C in n-butanol for 15 h. The
films readily dissolved in the solvent, suggesting depolymerisa-
tion of the sample (Fig. 6A2 and B2). The samples kept in

other non-alcoholic solvents remained intact under similar
conditions after 15 h (Fig. S3, ESI†). The homogeneous solu-
tion of TEOC-PTMO-PTE obtained in n-butanol was placed at
140 °C under reduced pressure conditions to gradually evapor-
ate the solvent and initiate the crosslinking process. The
samples re-formed after 12 h under the above conditions. The
UTS (∼1.0 MPa) and E (∼0.61 MPa) values of the 1st repro-
cessed sample of TEOC-PTMO-PTE were comparable to those
of the original sample (UTS ∼ 1.1 MPa and E ∼ 0.7 MPa). The
tensile properties of the 2nd reprocessed sample (UTS = ∼0.9
MPa and E = ∼0.5 MPa) also retained up to 90% of the original
properties, suggesting that the solution processability of these
CANs via reactive depolymerisation is effective (Fig. 6C and
Table S2, ESI†).

Separation of aromatics from azeotropic mixtures

Polyether-based networks are known to absorb various organic
solvents and exhibit organogel characteristics.59 Therefore,
CANs were prepared by adding PTMO along with PTE to

Fig. 6 (A1) The as-prepared TEOC-PTE film, (A2) homogeneous solution in n-butanol after depolymerization, (A3) re-formed TEOC-PTE from the
depolymerized solution, (B1) photograph of original TEOC-PTMO-PTE, (B2) the sample after depolymerization, (B3) the reprocessed sample of
TEOC-PTMO-PTE, (C) tensile plots of the original, 1st and 2nd reprocessed samples, (D) frequency sweep plots of the as-prepared, 1st and 2nd repro-
cessed samples, and (E) the scheme showing the degradation of TEOC-PTE via competitive trans-esterification with the solvent and re-formation on
the evaporation of the solvent.
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induce organogel ability in the CANs. The capacity of these
CANs to absorb organic solvents was evaluated by dipping a
thin strip of TEOC-PTMO-PTE in different organic solvents
under ambient conditions. Interestingly, the CAN selectively
absorbed toluene compared to a range of other organic sol-
vents (Fig. 7A).

The weight swelling ratio value of TEOC-PTMO-PTE was
750% in toluene, whereas the values were less than 120% in
other organic solvents. However, the swelling ratio values of
other CANs were ≤500% in toluene (Fig. 7B). The swelling was
relatively fast and equilibrium was reached within 1 h of
dipping in the solvent (Fig. 7B). The above data suggested that
the CANs may be utilized to separate toluene from different

organic and azeotropic mixtures. Separation of azeotropic mix-
tures is an important problem in industries and requires cum-
bersome process units such as pressure-swing distillation,
extractive distillation and critical temperature and pressure
conditions.60,61

Binary (toluene : methanol = 1.15 : 0.38, vol : vol) and
ternary (toluene : methanol : water = 1.15 : 0.19 : 0.06, vol : vol)
azeotropes were prepared and the efficiency of
TEOC-PTMO-PTE to remove toluene from the above azeotropic
mixtures was assessed. Strips of TEOC-PTMO-PTE were dipped
in the above azeotropic mixtures for a fixed time period. The
strips were removed and UV-Visible spectra of the mixture were
recorded after specific time intervals. The peak at 260 nm

Fig. 7 (A) Swelling ratio of TEOC-PTMO-PTE in various organic solvents and water after regular time intervals, (B) swelling ratio of different CANs in
toluene after regular time intervals, (C) maximum swelling ratios of TEOC-PTMO-PTE in different solvents and (D) maximum swelling ratios of
different CANs in toluene. The inset in (C) shows dry- and toluene-soaked TEOC-PTMO-PTE after 90 min in toluene.

Fig. 8 (A) Removal of toluene from a methanol–toluene azeotrope (1.15 : 0.38, vol : vol) by TEOC-PTMO-PTE, (B) swelling ratio of
TEOC-PTMO-PTE in toluene, toluene :methanol (1 : 1, vol/vol) and toluene : methanol : water (1 : 5 : 1, vol/vol) in repetitive cycles.

Paper Polymer Chemistry

1478 | Polym. Chem., 2020, 11, 1471–1480 This journal is © The Royal Society of Chemistry 2020

Pu
bl

is
he

d 
on

 2
9 

 2
02

0.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7.

5.
20

25
 1

5:
29

:3
9.

 
View Article Online

https://doi.org/10.1039/c9py01807g


assigned to toluene gradually decreased with the immersion
time. The peak disappeared within 90 min, suggesting the
maximum removal of toluene from the mixture (Fig. 8A and
S4, ESI†).

The reusability of these CANs was assessed by repeatedly
using a set of TEOC-PTMO-PTE strips for five continuous
absorption–desorption cycles in toluene and different solvent
mixtures. The sample retained up to 90% swelling ratio till the
5th cycle (Fig. 8B). The fast absorption and reusability of the
samples suggested that these CANs may be a cost effective and
convenient alternative to be used in large-scale fixed beds for
continuous separation of azeotropic mixtures.

Conclusions

α-Substituted β,β′-diesters undergo trans-esterification reaction
under moderate temperature conditions (110 to 140 °C) in the
presence of a minor amount of Sn(Oct)2. This trans-esterifica-
tion chemistry is suitable for synthesizing solution processable
and recyclable CANs. Typical volatile alcohols swiftly depoly-
merize the CANs via competitive trans-esterification.
Evaporation of the solvent and subsequent heating are
sufficient to re-form the CANs with comparable properties to
those of the original samples. Overall, the synthesis and repro-
cessability of these CANs are convenient and cost-effective.
Organogels can be designed and synthesized by incorporating
suitable polyether diols into the CANs. The PTMO-based CANs
are capable of selectively absorbing aromatics among several
organic solvents and separating toluene from various azeotro-
pic mixtures. These CANs are promising for use in fixed bed
columns for the continuous separation of aromatics from
azeotropic mixtures in the future.
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