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Conjugated microporous polymers using a

e i Py Chom. 203112 copper-catalyzed [4 + 2] cyclobenzannulation
2282 - reaction: promising materials for iodine and
dye adsorptiont
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A design strategy is disclosed to synthesize conjugated microporous polymers (CMPs) using a versatile
copper-catalyzed [4 + 2] cyclobenzannulation reaction, which employs a diphenylethynyl terephthalalde-
hyde derivative 3 with a series of triptycene-based diethynyl aryl building blocks 2a—e. Investigation of the
intrinsic microporosity properties of CBP1-5 using nitrogen adsorption measurements reveals Brunauer—
Emmett—Teller (BET) surface areas up to 794 m? g~* and average pore volumes reaching 0.63 cm® g%
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Inspection of the adsorption properties of the graphitic-like polymers CBP1-5 divulges their high iodine
uptake with a maximum of 166 wt%. Moreover, the target polymers CBP1-5 prove their efficiency as
selective dye adsorbents by removing up to 100% methylene blue over methyl orange from aqueous
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Introduction

Since the first report on the synthesis of conjugated micro-
porous polymer (CMP) networks by Cooper et al.,' numerous
scientists have contributed to that field, leading to a steep
growth in the number of publications. Conjugated micro-
porous polymers have emerged as promising materials for a
wide range of cutting-edge fields,” mainly those related to sus-
tainable energy applications, such as gas separation and
storage,”® hydrogen evolution,”® organic solar cells
(0SCs),'*** batteries,"*® field-effect transistors (FETs),"” "
thermoelectrics,?* sensors,”*** optical switches,>*>° and light-
emitting diodes (LEDs).>*** The eminence of CMPs stems
from the exceptional properties that they exhibit, among
others, their versatile synthesis, extended n-conjugation skel-
eton, high stability, and large surface area.” The chief advan-
tage of CMP networks lies in their design that could be rea-
lized via numerous synthetic methodologies,”> which span
from transition-metal catalyzed cross-coupling reactions like
Suzuki-Miyaura,®**® Sonogashira,®”*° Yamamoto,""™** and
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direct arylation***’ to several other synthetic approaches like

oxidative coupling, condensation reactions, and cyclotrimeri-
zation, in addition to many other design strategies.® >

Since the industrial revolution, fossil fuels have been
increasingly utilized as the main feedstock in most human
activities and technologies - reaching 85% of the total energy
consumption in 2018 - which led to global economic develop-
ments and drastic improvements in our living standards.’?
Nevertheless, the combustion of fossil fuels instigates serious
impacts on the environment caused by the generation of par-
ticulate matters (PMs) and massive release of various gases
into the atmosphere, among others, carbon dioxide which con-
tributes to global warming, acid rain and smog formation.”* As
the world demand for energy sources is on a sharp rise with an
estimated energy consumption of 800 quadrillion British
thermal units (BTUs) by 2040,> the development of sustain-
able energy sources with high efficiency and low-emission
deems essential.’® Amongst the alternative sources to fossil
fuels, nuclear fission is considered a promising feedstock
whose high efficiency in power generation is considered a
major advantage, yet the formation of several radioactive
gaseous byproducts, such as ¥Kr, *H, '*CO,, "*’I, '*°1, and
12771401 i5 believed to be a major drawback. In addition to the
hitherto mentioned radioactive species, fission nuclear energy
generates hydrogen- and alkyl-radioactive halides which are
also considered hazardous due to their interference in meta-
bolic processes.”””® As a result of the crucial need to develop
highly efficient and cost-effective porous materials to capture
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radioactive iodine-containing species, several adsorbents have
been developed, namely, organic cages, silica gel, zeolites, and
covalent-organic and metal-organic frameworks.?”*9

On the other hand, several industrial processes discharge
water-soluble non-biodegradable biologically active dyes,
which could be either cationic, like methylene blue (MB), or
anionic, such as methyl orange (MO) dyes. Some of these
organic dyes are highly toxic, mutagenic, and carcinogenic.®®
In addition to their hazardous properties, the aforementioned
pollutants cause several skin- and eye-related diseases, as well
as various respiratory complications, which necessitates their
removal from freshwater resources via sustainable
techniques.®* ® Various methods have been reported in the lit-
erature to remove organic dyes from water, of which we note
photocatalytic degradation by employing H,0, *® and NaBH,,%”
electrodialysis,® membrane-based technology,’® and the use
of adsorbents, where the latter technique proved to be among
the most prominent owing to its high efficiency, cost-effective-
ness, simplicity, and possibility of being utilized under
ambient conditions.”®”*

We disclose the synthesis of five conjugated microporous
polymers CBP1-5 through a copper-catalyzed [4 + 2]
benzannulation’>”* from the reaction of various 1,4-diary-
lethynyl triptycene synthons 2a-e with 2,5-bis(phenylethynyl)
terephthalaldehyde 3. The target polymers CBP1-5 were
obtained in excellent yields, and their intrinsic surface areas
were thoroughly investigated before carrying out studies of
their iodine uptake and organic dye adsorption.

Experimental section
Materials

All the reactions were carried out under an inert atmosphere
using dry argon. All chemical reagents were used without
further purification as purchased from Aldrich, Merck, and
HiMedia unless otherwise specified. The comonomers 2a, 2c,
2e and 3 were synthesized following the reported procedures
in the literature.>>”*”>”7® Anhydrous solvents, namely, hexane,
DCM, THF, DCE, TEA, methanol, diethyl ether, and acetone,
were further dried over molecular sieves and deoxygenated by
bubbling with argon gas for 30 minutes. Thin-layer chromato-
graphy (TLC) was performed on aluminum sheets coated with
silica gel 60 F254 and revealed using a UV lamp. NMR ('H:
600 MHz, >C: 150 MHz) spectra were recorded using a Bruker
BioSpin GmbH 600 MHz spectrometer using CD,Cl, as a
solvent with the chemical shifts (§) given in ppm and refer-
enced to tetramethylsilane (TMS). Electron impact high-resolu-
tion mass spectra (EI-HRMS) were recorded on a Thermo
Scientific DFS system with a standard PFK ( perfluorokerosene)
as a lock mass. The analysed data are converted to accurate
mass employing the Xcalibur accurate mass calculation
software. UV-Vis spectra were recorded using a Shimadzu
UV1800 spectrophotometer. Photoluminescence (PL) spectra
were recorded on an Agilent G9800 Cary Eclipse Fluorescence

spectrophotometer. An  Agilent Gel Permeation
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Chromatograph (GPC/SEC) equipped with two columns (PL
mixed-C) and calibrated against twelve monodisperse poly-
styrene (PS) standards, using THF as an eluent at a flow rate of
1.0 mL min~", was employed to determine the relative weight-
average (M,,) and number-average (M,) molecular weights and
polydispersity indices (P = M,/M,) of all the reported poly-
mers. FT-IR spectra were recorded on an FT/IR-6300 type A
instrument using a KBr matrix. Single-crystal data collection
was done on a Rigaku R-AXIS RAPID II diffractometer using fil-
tered Mo-Ka radiation. The structure was solved by direct
methods using the CrystalStructure crystallographic software
package except for refinement, which was performed using
SHELXL-97. The non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were refined using the riding model.
Brunauer-Emmett-Teller (BET) surface area and porosity
measurements were evaluated using a surface area and pore
size analyzer (Gemini-V, Micromeritics, USA) at the boiling point
of liquid nitrogen (—196 °C). Samples were deoxygenated in a
VacuPrep 061 sample degassing system at a temperature of
120 °C overnight, before the experiments. Surface areas were cal-
culated using the Brunauer-Emmett-Teller (BET) model of iso-
therms, and the adsorption of N, at small relative pressures. The
total pore volume (V;) was determined from the specific adsorp-
tion of N, at p/p® = 0.99. The t-plot method was used to estimate
the micropore volume (Vyic) and external surface area (Sex)-

Synthesis

Synthesis of 2-((4-(tert-butyl)phenyl)ethynyl)benzaldehyde 1.
A Schlenk tube was charged under argon with 2-bromobenzal-
dehyde (0.608 mL, 5.2 mmol, 1 eq.), 4-(tert-butyl)phenyl-
acetylene (1.4 mL, 7.8 mmol, 1.5 eq.), Pd,(dba); (28 mg,
0.03 mmol, 6 mol%), and Cul (20 mg, 0.1 mmol) in 3 mL of
deoxygenated diisopropylamine (iPr,NH, 35 mmol) and the
solution was refluxed overnight. The reaction mixture was then
cooled to room temperature. After removal of the solvent
under reduced pressure, the resulting mixture was dissolved in
DCM and extracted with a saturated solution of NaHCO;
(50 mL x 3). The combined organic layer was washed with de-
ionized water (100 mL x 4), and the desired product was iso-
lated using silica gel column chromatography with DCM/
hexane (15:85 v/v) as the eluent yielding a pale yellow solid
(1.25 g, 92%). "H-NMR (600 MHz, CD,Cl,, ppm): § 10.68 (s,
1H, -CHO), 7.96 (d, 1H, J = 7.8 Hz ArH), 7.70 (d, 1H, J = 8.4,
ArH) 7.63 (t, 1H, J = 7.7 Hz, ArH) 7.57 (d, 2H, J = 8.7 Hz ArH),
7.51-7.46 (m, 3H, ArH), 1.37 (s, 9H, -CH;). “*C-NMR
(150 MHz, CD,Cl,, ppm): § 192.09, 153.24, 136.45, 134.34,
133.75, 131.96, 129.06, 127.65, 127.52, 126.18, 119.85, 96.97,
84.88, 35.37, 31.44. FTIR (KBr, cm™'): 2966, 2218, 1697.
EI-HRMS: m/z calculated for M™™ C;9H;40: 263.1436, found:
263.1436.

Synthesis of CBM1 (procedure A). A Schlenk tube was
charged under argon with 2-((4-(tert-butyl)phenyl)ethynyl)
benzaldehyde 1 (50 mg, 0.22 mmol, 2.2 eq.), 1,4-diethynyl trip-
tycene 2a (30 mg, 0.1 mmol, 1 eq.), copper(n) triflate Cu(OTf),
(7 mg, 0.02 mmol, 0.2 eq.), and trifluoroacetic acid TFA (30 pL,
0.4 mmol) in 5 mL of deoxygenated dichloroethane. The solu-
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tion was heated at 100 °C overnight and the solvent was evap-
orated under reduced pressure. The resulting mixture was dis-
solved in DCM and extracted with a saturated solution of
NaHCO; (50 mL x 2). The combined organic layer was washed
with deionized water (100 mL x 3), concentrated, and the
desired product was isolated using silica gel column chromato-
graphy with DCM/hexane (20:80 v/v) as the eluent. White
solid (48 mg, 96%). 'H-NMR (600 MHz, CD,Cl,, ppm): § 8.13
(d, 2H, J = 8.4 Hz, ArH), 8.05 (d, 4H, J = 9.3 Hz, ArH), 8.00 (s,
2H, ArH) 7.69 (dd, 2H, J = 8.1 Hz, 1.6 Hz, ArH), 7.65 (m, 4H,
ArH), 7.39 (q, 4H, J = 5.4 Hz, 2.2 Hz, ArH), 7.26 (s, 2H, ArH),
7.09 (q, 4H, J = 5.4 Hz, 2.4 Hz, ArH), 5.92 (s, 2H, triptycene-
CH,). ®C-NMR (150 MHz, CD,Cl,, ppm): § 146.06, 143.92,
138.44, 137.60, 134.12, 133.17, 128.86, 128.71, 128.65, 128.37,
128.32, 127.03, 126.98, 126.77, 126.21, 126.14, 125.95, 124.28,
51.52. EI-HRMS: m/z calculated for M™" CyoH,s 506.2029,
found: 506.2029.

Synthesis of CBM2. CBM2 was prepared following procedure
A with 2-((4-(tert-butyl)phenyl)ethynyl)benzaldehyde 1 (65 mg,
0.25 mmol, 2.2 eq.), 2¢ (65 mg, 0.11 mmol, 1 eq.), Cu(OTf),
(8 mg, 0.02 mmol, 0.2 eq.), and TFA (35 pL, 0.45 mmol) in
5 mL of deoxygenated dichloroethane. Pale yellow solid
(83 mg, 94%). 'H-NMR (600 MHz, CD,Cl,, ppm): & 8.14 (s, 2H,
ArH), 8.07 (t, 4H, J = 8.4 Hz, ArH), 7.95 (d, 2H, J = 7.4 Hz, ArH),
7.79 (d, 2H, J = 8.2 Hz, ArH), 7.63-7.61 (m, 6H, ArH), 7.25-7.22
(m, 8H, ArH), 7.13 (s, 4H, ArH), 5.59 (s, 2H, triptycene-CHy),
1.32 (s, 9H, -CHs ), 1.25 (s, 9H, -CH; ¢). "*C-NMR (150 MHz,
CD,Cl,, ppm): § 149.77, 146.17, 145.52, 143.96, 143.26, 139.56,
138.97, 137.59, 136.25, 135.94, 132.26, 130.75, 129.47, 127.56,
126.88, 126.22, 124.87, 124.77, 123.90, 123.38, 51.08, 34.27,
31.16. EI-HRMS: mj/z calculated for M™" CgoHso: 770.3913,
found: 770.3913.

Synthesis of comonomer 2d. A Schlenk tube was charged
under argon with 1,4-diethynyl triptycene 2a (205 mg,
0.68 mmol, 1 eq.), 9-bromoanthracene (350 mg, 1.36 mmol,
2.0 eq.), bis(triphenylphosphine)palladium(u) dichloride
PdCl,(PPh;), (23 mg, 0.034 mmol), Cul (6.4 mg, 0.034 mmol),
triethylamine (284 pL, 2.0 mmol), and 15 mL of deoxygenated
THF and the reaction mixture was refluxed for 16 h. The
solvent was evaporated under reduced pressure and the result-
ing mixture was extracted with dichloromethane from a satu-
rated aqueous solution of NaHCO; (100 mL). The organic
phase was washed with H,O (100 mL x 3). The desired product
was isolated by silica gel column chromatography, with DCM/
hexane (30:70 v/v) as the eluent. Yellow solid (410 mg, 93%).
'H NMR (600 MHz, CD,Cl,, ppm): § 8.90 (d, J = 8.7 Hz, 4H,
ArH), 8.62 (s, 2H, ArH) 8.17 (d, J = 8.5 Hz, 4H, ArH), 7.82-7.79
(m, 4H, ArH), 7.68-7.65 (m, 4H, ArH) 7.64 (q, J = 5.4, 3.2 Hz,
4H, ArH), 7.58 (s, 2H, ArH), 7.16 (q, J = 5.5, 3.1 Hz, 4H, ArH),
6.41 (s, 2H, triptycene-CH). "*C NMR (150 MHz, CD,Cl,, ppm):
6 147.36, 144.66, 132.75, 131.32, 128.92, 128.29, 127.061,
126.58, 125.90, 125.68, 124.07, 119.01, 116.98, 98.32, 91.14,
52.56; EI-HRMS: m/z calculated for M™ Cs,Hjzo: 654.2342,
found: 654.2342.

Synthesis of polymer CBP1 (procedure B). 1,4-Diethynyl trip-
tycene 2a (145 mg, 0.48 mmol, 1 eq.), 2,5-bis(phenylethynyl)
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terephthalaldehyde 3 (160 mg, 0.48 mmol, 1 eq.), Cu(OTf),
(70 mg, 0.192 mmol, 0.4 eq.), and TFA (295 pL, 3.84 mmol)
were refluxed in 19 mL of deoxygenated dichloroethane in a
Schlenk tube under argon. After 2 days of reaction, the precipi-
tate was filtered and washed exhaustively with a sequence of
solvents (50 mL of DCM, 50 mL of THF, 50 mL of MeOH,
50 mL of water, and 50 mL of diethyl ether) affording a deep
red solid (200 mg, 98%). "H NMR (600 MHz, CD,Cl,, ppm): &
8.78 (br, 2H, ArH), 8.38 (br, 2H, ArH) 7.8-6.8 (m, 14H, ArH),
5.9 (br-d, 2H, triptycene-CH). ">*C NMR (150 MHz, CD,Cl,,
ppm): 6 145.82, 145.73, 129.09, 129.02, 127.06, 126.72, 126.28,
126.06, 125.03, 124.17, 51.68; FTIR (KBr, cm™'): 2960 (Ar-CH
str.), 1680 (Ar-CH ben.), 1423 (Ar-C=C ben.); UV-vis: (THF,
107% M), Amax [nm] = 298, fluorescence: (THF, 10™% M), Anax
[nm] = 458.

Synthesis of CBP2. CBP2 was prepared following procedure
B with 2,5-bis(phenylethynyl)terephthalaldehyde 3 (166 mg,
0.5 mmol, 1 eq.), 2b (226 mg, 0.5 mmol, 1 eq.), Cu(OTf),
(72 mg, 0.2 mmol, 0.4 eq.), and TFA (308 pL, 2.0 mmol) in
20 mL of deoxygenated dichloroethane. Deep red solid
(275 mg, 96%). FTIR (KBr, cm™"): 3030 (Ar-CH str.), 1705 (Ar-
CH ben.), 1456 (Ar-C=C ben.); UV-vis: (THF, 10™® M), Amax
[nm] = 298, fluorescence: (THF, 10~° M), A [nm] = 343, 370,
400.

Synthesis of CBP3. CBP3 was prepared following procedure
B with 2,5-bis(phenylethynyl)terephthalaldehyde 3 (234 mg,
0.7 mmol, 1 eq.), 2¢ (396 mg, 0.7 mmol, 1 eq.), Cu(OTf),
(101 mg, 0.28 mmol, 0.4 eq.), and TFA (431 pL, 5.6 mmol) in
28 mL of deoxygenated dichloroethane. Deep red solid
(450 mg, 93%). GPC (THF); M,, (g mol™"): 30187 M,, (g mol™"):
60288, P: 2.00; FTIR (KBr, cm™"): 3023 (Ar-CH), 2964 (ali-
phatic-CH str.), 1699 (Ar-CH ben.), 1460 (Ar-C=C ben.); UV-
vis: (THF, 10™% M), Amay [nm] = 315, fluorescence: (THF, 10~°
M), Amax [NM] = 478.

Synthesis of CBP4. CBP4 was prepared following procedure B
with 2,5-bis(phenylethynyl)terephthalaldehyde 3 (100 mg,
0.3 mmol, 1 eq.), 2d (196 mg, 0.3 mmol, 1 eq.), Cu(OTf),
(43 mg, 0.12 mmol, 0.4 eq.), and TFA (184 pL, 2.4 mmol) in
12 mL of deoxygenated dichloroethane. Deep red solid (225 mg,
96%). FTIR (KBr, cm™"): 3030 (Ar-CH str.), 1667 (Ar-CH ben.),
1460 (Ar-C—=C ben.); UV-vis: (THF, 10™® M), Amax [nm] = 298,
fluorescence: (THF, 10™% M), Ayay [nM] = 404, 430, 455.

Synthesis of CBP5. CBP5 was prepared following procedure B
with  2,5-bis(phenylethynyl)terephthalaldehyde 3 (90 mg,
0.27 mmol, 1 eq.), 2e (190 mg, 0.27 mmol, 1 eq.), Cu(OTf),
(39 mg, 0.10 mmol, 0.4 eq.), and TFA (166 pL, 2.1 mmol) in
11 mL of deoxygenated dichloroethane. Deep red solid (218 mg,
97%). FTIR (KBr, cm™"): 3026 (Ar-CH str.), 1681 (Ar-CH ben.),
1463 (Ar-C=C ben.); UV-vis: (THF, 10™% M), Ayna [nm] = 298,
fluorescence: (THF, 10™% M), Ayay [nM] = 403, 429, 456.

Dye adsorption studies of CBP1-5

5 mg of CBP1-5 were immersed in a 5 mL aqueous solution of
a dye (MB or MO) and the solution was stirred at room temp-
erature. The UV-visible spectra of the solutions were then
recorded after specific time intervals.

This journal is © The Royal Society of Chemistry 2021
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Results and discussion
Synthesis of prototypical monomers

As a proof of concept, the prototypical monomer CBM1 was
prepared in 92% yield using a copper-catalyzed [4 + 2] cyclo-
benzannulation reaction from 1,4-diethynyltriptycene 2a’°
with two equivalents of 2-((4-(tert-butyl)phenyl)ethynyl)benz-
aldehyde 1 in refluxing dichloroethane (Scheme 1). The struc-
ture of CBM1 was confirmed by 'H- and **C-nuclear magnetic
resonance (NMR), high-resolution mass spectroscopy (HRMS),
and single crystal X-ray diffraction (XRD) (see Fig. 1 and 2 and
related figures in the ESIT).

Fig. 1 portrays the comparative 'H-NMR spectra of synthons
1, 2a and CBM1 where the spectrum of the latter prototypical
monomer clearly confirms the presence of the desired peaks
and the disappearance of all peaks related to the starting
materials 1 and 2a, namely, the fingerprint chemical shifts of
the carbaldehyde group at 10.66 ppm and the ¢-butyl group at
1.37 ppm for synthon 1 in addition to the proton peak of the
ethynyl group of 2a at 3.47 ppm. The chemical shifts ranging
from 7.0 ppm to 8.1 ppm are attributed to the aromatic
protons of CBM1 while the peak detected at 5.9 ppm portrays
the characteristic tertiary triptycene hydrogens (cf. peaks
labeled e in Fig. 1). The distinctive peaks of the starting
materials completely disappear in the '"H-NMR spectrum of
CBM1, namely that of the terminal hydrogen of the ethynyl
groups detected at 3.6 ppm in 2a’° in addition to the proton
peaks of the aldehyde and ¢-butyl groups in synthon 1 detected
at 10.6 ppm and 1.3 ppm, respectively (see Fig. S1 and S2 in
the ESIf). On the other hand, the ">C-NMR spectrum of CBM1
displays all the expected aromatic peaks in the range of
146.0-124.2 ppm in addition to the chemical shift of the sp?
carbon of the triptycene unit at 51.52 ppm (see Fig. S7 in the
ESIT). Furthermore, the high purity of CBM1 was confirmed by
electron-impact high-resolution mass spectrometry (EI-HRMS,
see Fig. S12 in the ESIf). Similarly, the replacement of the
terminal sp-hybridized hydrogen atoms in 2a by the more
sterically demanding p-tert-butylphenyl group (i.e. 2¢) resulted

Cu(OTf),
TFA

DCE
100 °C
24 h

Scheme 1 Synthesis of prototypical monomers CBM1-2.
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in the formation of the prototypical monomer CBM2 in 94%
yield (Scheme 1). The structure of the latter compound was
confirmed by "H- and ">C-NMR as well as EI-HRMS (see Fig. 2
and related figures in the ESIt).

Single crystals of CBM1-2 were grown by depositing a layer
of hexane on top of a solution of the monomers in dichloro-
methane. The molecular structures of CBM1-2 were investi-
gated by single crystal X-ray diffraction, thus confirming the
deviation of the pending naphthyl rings from planarity and
leading, consequently, to highly branched structures in space

(Fig. 2).

Synthesis of polymers CBP1-5

Synthesis of the target conjugated polymers CBP1-5
(Scheme 2) was carried out using reaction conditions similar
to those employed to make the prototypical monomers
CBM1-2 described in Scheme 1. The copper-catalyzed [4 + 2]
cyclobenzannulation reaction of various 1,4-diethynyl tripty-
cene derivatives 2a-e (with R = H, aryl) and 2,5-bis(phenylethy-
nyl)terephthalaldehyde 3 afforded the target conjugated poly-
mers CBP1-5 in excellent yields (Scheme 2). These latter poly-
mers were decorated with various side groups like simple
hydrogen atoms (CBP1), phenyl (CBP2) and p-tert-butylphenyl
(CBP3) groups, as well as with the more sterically hindered
anthracene (CBP4) and pyrene (CBP5) moieties.

It is worthwhile to note that the degree of polymerization
(DP) of the target conjugated polymers CBP1-5 was improved
by optimizing both the reactants’ concentration and reaction
time (Table 1). Therefore, the polymerization reaction of a 0.01
M solution of 2a with an equimolar amount of 3 in the pres-
ence of copper(u) triflate Cu(OTf), and trifluoroacetic acid
(TFA) in refluxing dichloroethane (DCE) for 24 hours afforded
CBP1 in 58% yield. Gel permeation chromatography (GPC)
analysis of the latter target polymer revealed a number average
molecular weight M,, of ~5.5 kDa and polydispersity index b =
M,,/M,, of ~4.0 (Table 1, entry 1). When the reaction time was
prolonged to 48 h, the M, value slightly increased to ~7.4 kDa
whereas the polydispersity index D decreased to ~3.8 (Table 1,

)
2a,R=H H L]l H

> & RN
CBM1

®
2c,R= *'@é

9,
;y@

CcBM2
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Fig. 1 Comparative 'H-NMR of 1, 2a, and CBML.

Fig. 2 Single crystal structures of CBM1 (left) and CBM2 (right).

R— =R cuom,

100 °c
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Scheme 2 Synthesis of polymers CBP1-5.
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Table 1 Optimization conditions of the cyclobenzannulation polymerization reaction

Entry Polymer” Time (h) Yield (%) Cm” [M] M, (KDa) M,, (KDa) p
1 CBP1 24 58 1.0 5.5 22 4.0
2 CBP1 48 79 1.0 7.4 28 3.8
3 CBP1 96 75 1.0 7.0 41 5.8
4 CBP1 48 100 2.5 Insoluble — —
5 CBP2 48 87 2.5 Insoluble — —
6 CBP3 48 100 2.5 30 60 2.0
7 CBP4 48 85 2.5 Insoluble — —
8 CBP5 48 100 2.5 Insoluble — —

“ Cu(OTf),(0.4 eq.), TFA (8.0 eq.), and DCE. ” Molar concentration x10~2 of 3.

entry 2). A further increase of the reaction time to 96 h did not
improve the number average molecular weight M,, whose value
stagnated at ~7.0 kDa but recorded a very high polydispersity
index D of 5.7 (Table 1, entry 3). It is noteworthy that the for-
mation of CBP1 was further confirmed by 'H- and "*C-NMR
spectroscopy (see Fig. S5 and S10 in the ESIf). However, the
increasing polydispersity index that is accompanied by a rela-
tively low number average molecular weight M,,, which does
not improve even when prolonging the reaction time, could be
explained by the low concentration of the reactants, thus
leading to a non-homogeneous distribution of the polymers
chains in solution during the reaction. Therefore, increasing
the molar concentrations of monomers 2a and 3 to 0.025 M
and maintaining the reaction for 48 h afforded polymer CBP1
as an insoluble brown powder in quantitative yield (Table 1,
entry 4). The improvement of the degree of polymerization of
the cyclobenzannulation reactions was further confirmed by
preparing the target polymer CBP3 which contains tert-butyl
side groups allowing for its GPC analysis that revealed a
number average molecular weight M,, of ~#30 kDa with a poly-
dispersity index P of ~2.0. After optimization of the reaction

conditions, the conjugated polymers CBP1-5 were all obtained
in excellent yields but were found to be insoluble in common
organic solvents, which limited their characterization to FTIR,
UV-vis absorption and emission spectroscopies (see Fig. 3 and
4 and related figures in the ESIT).

Fig. 3 shows the comparative FT-IR absorption spectra of
comonomers 3 and 2a besides their corresponding target
polymer CBP1. The characteristic stretching vibrations of the
alkynyl (C=C) and carbonyl (C=O0) groups in 3 are observed at
2136 cm™* and 1644 cm™', respectively. Similarly, the charac-
teristic stretching vibrations of the terminal alkyne (=C-H)
and alkynyl (C=C) in 2a can be detected at 3276 cm™ ' and
2105 ecm™'. All the stretching vibrations for the distinctive
functional groups of synthons 2a and 3 (i.e =C-H, C=C and
C=O0) completely disappeared in the FT-IR absorption spec-
trum of the target conjugated polymer CBP1, thereby proving
the complete cyclobenzannulation reaction. It is noteworthy
that the FT-IR spectrum of CBP1 discloses more pronounced
aromatic C=C and C-H bending and stretching vibrations in
the regions of 1600-1400 cm™* and 3050-2960 cm™, respect-
ively, when compared to the corresponding stretching

2136
C=
1644
C=0
' Bl 2a
2105
C=

3500 3000 2500 2000 1500 1000 500

Fig. 3 Comparative FT-IR spectra of 3 (red), 2a (black), and CBP1 (blue).
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Fig. 4 Normalized UV-VIS absorption (solid lines) and emission (dotted lines) spectra of CBP1-3 (Cy = 1078 M in THF).

vibrations recorded for the starting materials 2a and 3. This
further confirms the full conversion of the aldehyde and
ethynyl moieties into the corresponding aryl groups.

The photophysical properties of the target polymers were
measured by means of UV-Vis absorption and fluorescence
spectroscopies (see Fig. 4 and Fig. S18 in the ESIf). CBP1, 2, 4
and 5 display similar features with a strong UV absorption
band at 298 nm whereas CBP3, i.e. the polymer that contains
tertiary butyl groups, discloses a strong absorption band at
315 nm, thus revealing a red shift by 17 nm (Fig. 4). The emis-
sion spectrum of CBP1 portrays a broad peak whose maximum
is detected at ~458 nm, where the latter could be attributed to
the fingerprint region of the newly formed anthracene units
(Fig. 4). On the other hand, while the emission spectrum of
CBP2 displays three distinctive peaks at 343 nm, 370 nm, and
400 nm, the fluorescence of CBP3 discloses a broader red-
shifted peak with an emission maximum at 478 nm.
Interestingly, both target polymers CBP4 and CBP5 portray
similar emission spectra with characteristic peaks at 404 nm,

430 nm, and 455 nm (see Fig. S18 in the ESIY).

Fig. 5 Nitrogen adsorption (left) and desorption isotherms (right) of CBP1-5 measured at 77 K.
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BET surface area studies

Microporosity properties of CBP1-5 were investigated by carry-
ing out N, adsorption experiments at 77 K and a low relative
pressure (Fig. 5). Table 2 shows the Brunauer-Emmett-Teller
(BET) surface areas and pore volumes derived from these iso-
therms. The conjugated polymer CBP1 shows a scarce BET
surface area of ~3.0 m> g~ ' (Table 2, entry 1). Conjugated
polymer CBP2, i.e. bearing phenyl side groups, shows a surface
area of 143 m”> g~ ' (Table 2, entry 2). The polymers bearing
anthracene (CBP4) and pyrene (CBP5) side groups reveal

Table 2 Summary of BET results of polymers CBP1-5

o

99899999993989393333%

Entry BET surface area (m> g™')  Pore volume (cm® g™*)
1 3.0 0.005

2 143 0.11

3 794 0.63

4 98 0.09

5 203 0.16

4004 *Qﬁﬁ'ﬁ’ﬁ*****w

2 w
™
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2 300 L A CBP1
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surface areas of 98 m”> g~' and 203 m”> g ', respectively
(Table 2, entries 4 and 5). Interestingly, the conjugated
polymer bearing the bulky tert-butylphenyl side groups, CBP3,
displays the largest surface area of 794 m> g~" (Table 2, entry
3). It is worthwhile to note the hysteresis of N, adsorption/de-
sorption isotherms for CBP3 with significant N, uptake at a
low relative pressure (p/p°), which is considered as the primary
indicator of microporosity (Fig. 5).

Iodine adsorption studies

The graphitic-like structures of CBP1-5 polymers and their
porous properties with BET surface areas reaching up to
794 m”> ¢~' render them potential candidates as adsorbent
materials, which have prompted us to explore their iodine
uptake properties. Therefore, gravimetric analysis of iodine
vapor adsorption®”®® was carried out by taking a 20 mg
sample from each of the polymers CBP1-5 and exposing it to
iodine vapors in an open glass vial, which was in turn placed
inside a sealed glass vessel that contains excess iodine crystals
heated at 80 °C under atmospheric pressure. The target poly-
mers CBP1-4 revealed iodine uptake values ranging between
101 wt% and 145 wt% after 24 hours of exposure to iodine
vapors (Table 3). Interestingly, ~102 wt% was adsorbed by
CBP5 after the first hour of exposure to iodine vapors, and
which reached ~166 wt% after 24 hours (Fig. 6). Furthermore,
it has been noticed that the iodine adsorption values do not
increase even when the target polymers CBP1-5 were kept
under excess vapors of iodine for 48 hours, which suggests the
saturation of CBP1-5 after 24 hours of exposure to iodine. The

Table 3 Summary of iodine adsorption and desorption of polymers
CPP1-5

Wt% I, adsorption Wt% I, desorption

View Article Online
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record value of 166 wt% of iodine uptake by CBP5 is con-
sidered to be promising when compared to the iodine adsor-
bent materials reported in the literature, namely, conjugated
microporous polymers (200 wt%),”® hierarchically porous ada-
mantane-based macromolecules (202 wt%),°" conjugated
microporous polymers with thiophene units (222 wt%),*"
nitrogen-rich triptycene-based materials (180 wt%),** calix[4]
arene-based 2D macromolecules (114 wt%),** porphyrin and
pyrene-based conjugated microporous polymers (130 wt%),%*
JLUE covalent organic polymers (~90 wt%),”’ triazine-based
covalent frameworks (177 wt%),*” and fluorine-enriched poly-
mers (141 wt%).%”

The complete desorption efficiency of the iodine-loaded
polymers (I,@CBP1-5) was recorded at different time intervals
where the iodine vapors adsorbed by CBP1-5 were released by
simple heating of the latter polymers in the air at 120 °C
(Fig. 6 and Table 3). The reusability of the polymers was also
investigated using CBP5 as a model candidate where a sample
of CBP5 fully loaded with iodine vapors (I, @CBP5) was heated
at 120 °C for 24 hours, in order to ensure the complete release
of the adsorbate from the polymer backbone. The reactivated
CBP5 was then exposed to iodine vapors and its uptake was
recorded gravimetrically using the procedure described above,
revealing an uptake pattern similar to that of a freshly pre-
pared polymer. The iodine adsorption-desorption cycles were
repeated several times showing no change in iodine uptake,
and thus, confirming the possibility of regenerating the
polymers.

Dye adsorption studies

Dye adsorption tests were investigated by soaking a sample of
the conjugated target polymers CBP1-5 in various dyes’
aqueous solutions, in particular, methyl orange (MO), an
anionic pigment, and methylene blue (MB), a cationic dye (see
Fig. 7 and Fig. S19-22 in the ESIY). The efficiency of MB and

Entry Polymer fn24h [n 180 min MO dye removal from water by polymers CBP1-5 was investi-
1 CBP1 145 137 gated by recording the UV-visible absorbance spectra of the
§ gggz 12; 12; dyes’ aqueous solutions at different time intervals. The dye
4 CBP4 140 132 adsorption experiments were carried out by stirring a 5 mg
5 CBP5 166 166 sample of polymers CBP1-5 in a 5 mL aqueous solution of MB
CBP5 CBP5 /
| 166% O
«® Q\‘o 140%
&,o‘? I 165% 69'60 :
o | 137% o 110%
e l 132% \X‘\‘o\o
/ 7%
= s
| 102% 25%
0% 4%
0% [68%
0 05 1 2 3 4 8 2 0 5 10 15 30 60 120 180
Time in hours Time in minutes

Fig. 6 Wt% iodine adsorption (left) and desorption (right) graphs of CBP5.
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Fig. 7 MB (left) and MO (right) adsorption by CBP5 at various time intervals (inset: photographs showing the color change upon dye adsorption).

(5 mg L") at ambient temperature. A conspicuous decrease in
the intensity of the MB absorbance maximum peak at 663 nm
was observed, which confirms the adsorption of MB by poly-
mers CBP1-5. Interestingly, more than 90% of MB dye was
removed after stirring either CBP2 or CBP5 for 4 hours in the
dye solution, which reached 100% MB adsorption when kept
in solution overnight at room temperature. On the other hand,
target polymers CBP1, 3 and 4 were found to adsorb up to
~60%, ~40%, and ~90%, respectively, of MB when they were
kept in the aqueous solution overnight at room temperature
(see Fig. S19-S22 in the ESIT). MB adsorption could be noticed
physically where the color of the solution faded from blue to
colorless (Fig. 7, inset), and which proves the efficient removal
of this dye from water by polymers CBP1-5. In contrast to its
high uptake of MB, target polymer CBP5 was found to adsorb
an insignificant amount of MO even after stirring it overnight
at room temperature in the dye aqueous solution (Fig. 7).
Selective adsorption and separation of dyes is one of the
ways to assess the performance of a material as an adsorbent

MO
0301cBP5 44

=0 min

Omin 18h
=5 min
=10 min

=l

8/ 663 ——30 min
—1 h
—_—2h
—4h
——18 h

0.25 4
0.20 -

0.15 +

Adsorption

0.10 4 of MO

Absorbance (a.u)

0.05 +

0.00

350 460 4\';0 560 550 Gl'lo 650 760
Wavelength (nm)

Fig. 8 Selective dye removal capability of CBP5 from a mixed solution
of MB and MO (inset: photographs showing the color change after MB
adsorption)
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of a particular dye and/or a group of dyes. Therefore, the
adsorption selectivity of polymer CBP5 over cationic/anionic
dyes was explored by stirring 5 mg of polymer CBP5 at
ambient temperature in a 5 ml aqueous solution of an equal
mixture of the cationic MB (5 mg L") and anionic MO (5 mg
L™") dyes. The UV-visible spectra were recorded at different
time intervals to investigate the adsorption of the two dyes
present in solution (Fig. 8). Interestingly, the green solution
mixture of MB and MO turned orange only after 5 minutes
from the addition of CBP5 (Fig. 8 inset) where the UV-Visible
absorption spectroscopy disclosed that more than 80% of the
cationic MB dye was removed as evidenced by a sharp decrease
in the characteristic maximum absorption peak of MB at
~663 nm (Fig. 8). It is noteworthy that even when the solution
is stirred overnight, only ~10% of MO was adsorbed by CBP5,
which strongly suggests that CBP5 can be employed as a selec-
tive sorbent material for cationic dyes such as MB over anionic
dyes like MO.

Conclusion

A novel synthetic methodology which consists of employing a
copper-catalyzed [4 + 2] cyclobenzannulation polymerization
reaction is disclosed leading to the formation of five conju-
gated graphitic-like polymers CBP1-5 in excellent yields. The
conjugated polymers reveal high BET surface areas reaching
up to 794 m®> g~' and average pore volumes of 0.63 cm® g~
Iodine uptake tests of CBP1-5 demonstrate adsorption rates in
the range of ~101-166 wt%. Dye adsorption from aqueous
solution using CBP1-5 show excellent and selective dye adsor-
bent properties reaching up to 100% removal of the toxic
methylene blue over methyl orange at ambient temperature.
The modular synthetic strategy, in addition to the promising
microporous properties, and the use of these polymers as
iodine and cationic dye adsorbents qualify these polymers to
be considered as prominent materials for environmental and
energy applications.

This journal is © The Royal Society of Chemistry 2021
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