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The readily prepared CF;TMS adduct of anthraquinone is shown to
be an efficient monomer for superacid-catalysed step-growth
polymerisations, as exemplified by its reaction with diphenyl ether.
The resulting polymer (BTFMA-DPE) is produced rapidly, with high
molecular mass, and shows promise as a gas separation membrane
material.

Superacid-catalysed step-growth polymerisations have been
investigated for over two decades.’™ The mechanism of these
polymerisations involves the formation of highly reactive car-
bocations (i.e., superelectrophiles) from a carbonyl-containing
monomer, which then react with a bifunctional aromatic
monomer that is activated towards aromatic electrophilic sub-
stitution. Suitable carbonyl-containing monomers include
1,1,1-trifluoroacetophenone,” isatin and its derivatives,"®
4-piperidone,” 1,1,1-trifluoroacetone,® 4-acetylpyridine,®° and
acenaphthenequinone,'® and suitable aromatic monomers
include biphenyl,* terphenyl,® 4,4'-diphenoxybenzophenone®
or diphenyl ether'® (Fig. 1). Typically, the superacid used is
trifluoromethylsulfonic acid (TFSA). The attractive features of
superacid mediated polymerisations are their use of readily
available monomers and rapid completion even at room temp-
erature, allowing for ease of scale-up to multigram quantities
or greater. Recently, such polymerisations have been used
intensively to prepare membrane materials for application in a
wide variety of technologies relevant to energy and environ-
mental sustainability including gas separations,’*'® water
purification,'”*® acid recovery'®?° and ion separations.*** F
example, post-synthetic modification, such as amine quaterni-
sation for those polymers derived from 4-piperidone**™>* or
the introduction of sulfonate groups,***” induce ion-conduct-

or

“EaStChem, School of Chemistry, University of Edinburgh, David Brewster Road,
Edinburgh, EH9 3F], UK. E-mail: neil. mckeown@ed.ac.uk

bInstitute on Membrane Technology, National Research Council of Italy (CNR-ITM),
via P. Bucci 17/C, Rende (CS), 87036, Italy

T Electronic supplementary information (ESI) available. CCDC 2382285. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
0rg/10.1039/d4py01002g

4312 | Polym. Chem., 2024, 15, 4312-4318

@ John M. Tobin,? Anli Ji,2
@ Alessio Fuoco,

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online
View Journal | View Issue

The CF;TMS adduct of anthraquinone as a
monomer for making polymers with potential as
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ing properties that make them useful as membranes for
devices such as proton exchange fuel cells,”?”° alkaline
fuel cells,>®*'37 redox-flow batteries,>®*° zinc batteries,*°
ammonia electrosynthesisers,*' and water electrolysers.*>™**

In this communication, we describe preliminary results on
the use of the readily prepared CF;TMS adduct of anthraqui-
none (BTFMA, Fig. 2) as an electrophilic monomer for enga-
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Fig.1 General scheme of typical superacid polymerisations with
examples of suitable electrophilic monomers depicted in blue [biphenyl,
terphenyl, diphenyl ether (DPE) and 4,4'-diphenoxybenzophenone] and
nucleophilic monomers depicted in red [1,1,1-trifluoroacetone (TFA),
1,1,1-trifluoroacetophenone (TFAP), isatin derivatives, 4-piperidone, ace-
naphthenequinone and 4-acetylpyridine].

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Synthesis of model compound 1, shown with its single crystal
XRD structure (CCDC 2382285%) confirming its “cis” configuration of
substituents relative to the anthracene plane, and polymer BTFMA-DPE.
Reagents and conditions: i. anisole, TFSA, DCM, 20 °C; ii. DPE, TFSA,
DCM, 20 °C (90% yield).

ging in superacid mediated polymerisations as exemplified by
using diphenyl ether (DPE) as co-monomer. The potential of
BTFMA for making high free volume polymers for membranes
is illustrated by an analysis of the gas permeability of the
resulting polymer (BTFMA-DPE).

Previously, it was reported that two equivalents of trifluoro-
methyltrimethylsilane (CF;TMS, ie., the Ruppert-Prakash
reagent)®® add cleanly to anthraquinone to form 9,10-bis(tri-
methysiloxyl)-9,10-bis(trifluoromethyl)-9,10-dihydroanthracene
(BTFMA) in high yield.*®*” On repeating this reaction, it was
found that BTFMA could be purified easily, without using
column chromatography, by simple recrystallisation from iso-
propanol to give multigram quantities of the adduct as an air-
stable, white crystalline solid. Although BTFMA has been used
previously as an intermediate to produce 9,10-bis(trifluoro-
methyl)anthracene?® and monomers for  polyimide
synthesis,***° we anticipated that it would engage directly in
superacid-catalysed aromatic electrophilic substitution reac-
tions with  suitably aromatic
Encouragingly, the reaction between BTFMA and an excess of
anisole, using TFSA as the superacid, gave a high crude yield
of  9,10-bis(4’-methoxyphenyl)-9,10-bis(trifluoromethyl)-9,10-
dihydroanthracene 1. It should be noted that previous uses of
BTFMA as a synthetic intermediate involved the initial removal
of the TMS group, via aqueous acid hydrolysis, but this proved
unnecessary. Indeed, the use of the hydrolysed intermediate
(i.e., 9,10-dihydroxy-9,10-bis(trifluoromethyl)-9,10-dihydroan-
thracene), resulted in a lower yield of model compound 1.
Previous studies have also shown the benefit of using -OTMS
as the leaving group for the generation of highly reactive carbo-
cations using a superacid, which avoids the generation of
water as by-product that may result in a reduction of the
efficiency of TFSA.>"** Single-crystal XRD analysis of 1 con-
firmed the structure of the model compound and revealed that
it is composed of the “cis” isomer, in which the two CF; substi-
tuents are placed facing the same direction relative to the
anthracene plane (Fig. 2). Similar regioselectivity has been

reactive monomers.

This journal is © The Royal Society of Chemistry 2024
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observed previously for closely related superacid mediated
reactions.’® The "H NMR of 1 obtained at ~20 °C is deceptively
simple as it shows only three peaks in the aromatic region
with each of these peaks integrating to 4H relative to the 6H of
the methoxy peak. Variable-temperature "H NMR (ESI Fig. 11)
reveals that the apparently “missing” hydrogen peaks of the
anisole substituents are discernible at higher and lower temp-
eratures but are severely broadened at ambient temperature.
This effect is due to the restricted rotation about the newly
formed C-C bond (see discussion below).

The high yield obtained for the synthesis of model com-
pound 1, suggested that similar TFSA mediated reactions
between BTFMA and diphenyl ether (DPE) would provide a
polymer, denoted as BTFMA-DPE (Fig. 2). After an aqueous
work-up, fibrous colourless products are obtained that are
fully soluble in chloroform. Analysis by gel permeation chrom-
atography (GPC) of the product from polymerisation reactions
carried out over a range of conditions (ESI Fig. 2 and Table 17)
showed that high molecular mass BTFMA-DPE is formed
rapidly (~0.5 h) at room temperature. For each reaction, two
distinct peaks are observed by GPC: one at high molecular
mass and one at low molecular mass, the latter with an appar-
ent mass average molecular mass (M,) of ~2000 g mol
which is assumed to be due to cyclic and/or linear oligomers
(ESI Fig. 21).>* The relative height of the two peaks is depen-
dent on the reaction conditions with deviations from the 1:1
stoichiometry of monomers and lower concentration of reac-
tants enhancing the relative height of the peak attributed to
oligomers. For optimised reaction conditions, consisting of
1:1 molar stoichiometry, high concentration and a short reac-
tion time (0.5 h), the peak attributed to higher molecular mass
polymer is >5 times greater in height relative to than that
attributed to the oligomers. The value of M, calculated from
the higher molecular mass peak, following calibration using
polystyrene standards, is 150 000 g mol ™" with a polydispersity
index that is consistent with a standard step-growth mecha-
nism (i.e., M/M,, = ~2). Reprecipitation from chloroform solu-
tion using methanol reduces the amount of oligomeric
material present in the polymeric product. By using these opti-
mised reaction conditions, samples of BTFMA-DPE have been
achieved rapidly and reproducibly on a multigram scale (to
date up to 30 g). In contrast with previously reported superacid
catalysed polymerisations, where a stoichiometric imbalance
in favour of the electrophilic monomer results in higher mole-
cular mass, a 1:1 molar equivalence of BTFMA and DPE
appears optimal. Previously reported non-stoichiometric
enhancement of the polymerisation was attributed to the
higher reactivity of the intermediate formed after the first
addition of the nucleophilic monomer.>® Therefore, for
BTFMA it appears that the reactivity of the carbocation formed
following the first addition of DPE is similar to that of the
initially formed carbocation.

Analysis by "H- and "*C-NMR, with assignment of protons
assisted by "H-COSY, 'H/**C-HSQC, and "H/**C-HMBC spectra
(Fig. 3 and ESI Fig. 3-5%), confirmed the structure of polymer
BTFMA-DPE, with the similarity of its spectra to those of

Polym. Chem., 2024,15, 4312-4318 | 4313
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Fig. 3 Variable temperature NMR of polymer BTFMA-DPE acquired in the ranges (a) 300-363 K (in DMF-d;) and (b) 243-300 K (in CDCls). Due to
hindered rotation of the benzene rings of the DE monomeric unit, the peak for the hydrogens (H,) adjacent to the new bond only becomes distinct
at higher temperatures. At lower temperatures, rotation is frozen so that each of the protons H,j, Haz, Hp1 and Hy, show a distinct peak.

model compound 1 indicating that there was selective substi-
tution of DPE at the para-sites relative to its oxygen linker.
This also confirms that there is a predominantly “cis” arrange-
ment of the CF; substituents relative to the dihydroanthracene
plane, however, it is possible that the two weak doublet peaks
observed at ~7.55 and 7.20 ppm in DMF-d;, (Fig. 3a) and at
7.50 and 7.05 ppm in CDCl; (Fig. 3b) may arise from a small
degree of “trans” substitution of the dihydroanthracene unit
(<5%).

Variable-temperature "H-NMR spectroscopy (Fig. 3), pro-
vides clear evidence of the restricted rotation of the phenyl
groups of the DPE monomeric unit within BTFMA-DPE. At
room temperature, the signals associated with the 'H atoms of
the DPE monomeric unit adjacent to the newly formed bond

4314 | Polym. Chem., 2024, 15, 4312-4318

(Fig. 3, H,) are not discernible and those adjacent to the
oxygen linker (Hy,) are severely broadened. At elevated tempera-
tures (>340 K, DMF-d,, Fig. 3a), the former appears as a broad
signal centred at ~7.4 ppm and the latter as a well-resolved
doublet at 7.12 ppm. In contrast, at lower temperatures
(<250 K, CDCl;, Fig. 3b), four well-defined doublets are
observed consistent with the frozen rotation of the phenyl
groups resulting in a discrete signal for each proton. For
example, the 'H atoms of the DPE monomeric unit adjacent to
the newly formed bond are found at 8.05 and 6.50 ppm
(Fig. 3b, Hy; and H,,), with the large difference in chemical
shift caused by their exposure to the deshielding and shielding
effects, respectively, of the ring current of the benzene rings
within the dihydroanthracene unit. The coalescence tempera-

This journal is © The Royal Society of Chemistry 2024
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ture (T,) of the signals for Hy,; and Hy, (Fig. 3b) is at 275 + 2 K,
corresponding to an activation energy of 54 + 1 kJ mol™*.>®
This value of T, for BTFMA-DPE is slightly higher than that for
model compound 1 (270 + 2 K), which may be due to the
added restrictions to the motion of the phenyl rings because
of their incorporation into a polymer chain.

Thermal gravimetric analysis (TGA) of BTFMA-DPE indi-
cates no decomposition below 400 °C (ESI Fig. 6af), with
initial mass loss occurring at ~430 °C, and no thermal tran-
sitions are discernible using differential scanning calorimetry
(DSC) below this temperature (ESI Fig. 6b¥). The rigidity of the
components of this predominantly aromatic polymer will
likely ensure a very high glass transition temperature (Tg),
which will require further analysis using rapid scanning DSC
techniques to determine its value.>”*® Colourless solutions of
BTFMA-DPE in chloroform were used to cast robust, flexible,
optically clear, self-standing films (Fig. 4) that could be used
for gas permeability studies.

Gas adsorption and permeability are routinely used to assess
the presence of free volume in a glassy polymer. The powdered
form of BTFMA-DPE showed significant N, and CO, adsorption
(ESI Fig. 71) with N, uptake at 77 K allowing an apparent SAggr
of 450 m* g~ and total pore volume of 0.31 ml g™ to be esti-
mated. Although these values are modest compared to those of
polymers of intrinsic microporosity (PIMs, e.g., the archetypal
PIM-1 has an apparent SAgpr of ~850 m” g™' and total pore
volume of 0.40 ml g~"),>° they indicate that BTFMA-DPE con-
tains a significant amount of free volume.

The potential of a new polymer for making a membrane to
separate a particular gas pair (x/y) is assessed by its per-

Fig. 4 A robust, optically clear, self-standing film of BTFMA-DPE fabri-
cated from chloroform solution using the techniques of simple solvent-
casting (5 cm diameter, 100 pm thick).
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meability (Py) and ideal selectivity (P,/P,). The values for He,
H,, O,, CO,, CH, and N, permeabilities were measured for a
self-standing film of BTFMA-DPE and can be compared with
those from two related polymers, TFA-DPE and TFAP-DPE,'""?
prepared using DPE by a superacid catalysed polymerisation
with 1,1,1-trifluoroacetone and 1,1,1-trifluoroacetophenone,
respectively (Table 1). The permeability of BTFMA-DPE is
much higher for all gases by a factor of 30-80. In addition, the
ideal selectivities of BTFMA-DPE for the separation of the
important gas pairs O,/N, and CO,/CH, are similar to those of
TFAP-DPE, TFA-DPE, and PIM-1 but at a lower permeability for
the latter, which is consistent with the lower values of N, and
CO,, adsorption noted above. Generally, polymers suffer from
the well-established trade-off between gas permeability and
selectivity and the performance of a new polymer is best
assessed by considering the position of its data on Robeson
plots relative to upper bounds, which were defined using data
from the best performing PIMs.**®* As shown for the Robeson
plots of O,/N, and CO,/CH, (Fig. 5a and b, respectively), the
gas permeability data for BTFMA-DPE lie close to the 1991
upper bounds for several gas pairs (also Hy/N, and H,/CH,),**
unlike those of TFA-DPE and TFAP-DPE. Whilst modest
when compared to that of some PIMs, the permeability of
BTFMA-DPE is similar to that of the best performing polyi-
mides such as 6FDA-durene®® but with greater selectivity
for key gas pairs (Table 1). Therefore, the performance of
BTFMA-DPE is encouraging for a readily processed polymer
that can be made easily on a large scale from readily available
monomers as is the case for polymer 6FDA-durene. In addition,
it is likely that replacing DPE as co-monomer, which possesses
unrestricted rotational freedom about the ether linkage, with a
conformationally locked monomer will result in a BTFMA
based polymer with greater intrinsic microporosity. Such work
and other initiatives to fulfil the potential of this new
monomer for making membrane materials are ongoing.

To conclude, BTFMA is a readily prepared monomer that
has been demonstrated to undergo efficient polymerisation
mediated by a superacid. When copolymerised with DPE, a
rigid polymer with good film-forming properties is rapidly pro-
duced. It is anticipated that BTFMA has excellent potential for
enhancing the permeability of membrane-forming polymers
that are produced using superacid polymerisations by the
introduction of greater free volume.

~2 57" cm Hg™) and ideal selectivities (P,/P,) of BTFMA-DPE and related poly-

Table 1 Gas permeabilities (P,, barrer; 1 barrer = 107° cm®s;p cm ecm™2 s

mers TFA-DPE and TFAP-DPE measured at 25 °C and 1 bar of feed pressure. For comparison, the values for PIM-1 %! and polyimide 6FDA-durene 64
are included with the former being used to help define the 2008 Robeson upper bounds®® (Fig. 5)

Permeability P, (barrer)

Ideal selectivity P,/P,

Polymer N, 0, CO, CH, H, He CO,/CH, CO,/N, 0,/N, H,/N, H,/CH, He/N,
BTFMA-DPE 22.9 97.6 473 22.3 463 327 21.7 21.7 4.26 20.2 20.7 14.3
TFA-DPE ! 0.7 3.5 17.0 0.7 28.0 29.0 26.2 24.6 5.01 40.1 43.1 42.0
TFAP-DPE 2 0.4 2.1 8.7 0.4 20 27 22.0 19.5 4.70 44.7 50.6 60.4
PIM-1 ! 92 380 2300 125 1300 660 25.0 21.1 4.0 14.1 10.6 7.2
6FDA-durene * 39 135 678 38 585 355 20.2 17.4 3.46 15.0 15.4 9.1

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Robeson plots for a) CO,/CH,4 and b) O,/N, showing the data for
BTFMA-DPE (red) and structurally related polymers TFA-DPE (green) and
TFAP-DPE (purple). For comparison, the data points are also provided
for PIM-19%5 (yellow) and the much-studied polyimide 6FDA-durene
(black).®*

Data availability

The data supporting this article have been included as part of
the ESI.f Crystallographic data for model compound 1 has
been deposited at the CCDC with the accession number
23822851 and can be obtained from https:/www.ccdc.cam.ac.
uk/structures/.
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