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Synthesis of conjugated polymers via
cyclopentannulation reaction: promising
materials for iodine adsorptiont

Noorullah Baig,*® Suchetha Shetty,*" Saleh Al-Mousawi® and
Bassam Alameddine (2 *2®

A new class of conjugated polymers is prepared by means of a versatile palladium-catalyzed cyclopentan-
nulation reaction using a series of specially designed diethynyl aryl synthons with the commercially avail-
able 9,10-dibromoanthracene DBA monomer. The target polymers, CPP1-3, display high solubility and
excellent chemical stability, which allow their structural and photophysical characterization by various
instrumental analysis techniques such as gel permeation chromatography (GPC), and *H- and **C-nuclear
magnetic resonance (NMR), Fourier transform infrared (FTIR), UV-vis absorption, and emission spec-
troscopy. GPC chromatograms of CPP1-3 display a high relative weight-average (M,,) molecular weight
in the range of 15.8 to 34.3 kDa with a polydispersity index (B = M,,/M,) of ~2.5. Investigation of the
iodine adsorption properties of CPP1-3 reveals their high uptake, namely ~200 wt% for CPP2, whose
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Introduction

The design of new conjugated polymers has become one of the
chief topics of interest for scientific endeavors because of the
importance of this latter class of materials in diverse appli-
cations, namely, light-emitting diodes (LEDs),' organic solar
cells,"” field-effect transistors (FETs),®'® sensors,"” optical
switches,'® 22 batteries,>® and thermoelectrics.>* In addition to
the hitherto mentioned applications, conjugated microporous
polymers (CMP) have become exceptionally eminent due to
many reasons, notably their extended n-conjugation skeleton,
high stability, synthesis versatility, large surface area, and
excellent gas sorption properties.>®

The total world energy demand is increasing rapidly as a
result of the rise in global population and economic growth. It
is estimated that the energy consumption will reach 778 Etta
Joule by 2035.%° In the meantime, the quest for a sustainable,
efficient, low-emission energy source continues to be a global
interdisciplinary research challenge.>” Wind power and solar
energy are often considered potential alternatives for our
current fossil-fuel based energy economy, but their sporadic
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sorption property was sustained even after its reuse several times.

nature of energy production leads to reliability concerns.?®
Nuclear energy is considered to be a possible option for con-
tinuous energy production.”® Nevertheless, the successful
mass production of power from nuclear fission is
accompanied by the emission of several radioactive gases,
such as, *CO,, 5°Kr, *H, '**1, **°I, and >’ **°.*° In addition to
the hitherto mentioned radioactive iodine, hydrogen iodide
(HI) and alkyl halides are also considered hazardous due to
their large heat release, involvement in metabolic processes,
and long half-lives (e.g., ¢, = 15.7 x 10° years for '*°1).*"3?
Consequently, in view of its threat to human health and for
being a mutation source of plants and animals, there is a need
for effective and longer-lasting solutions to capture and store
the radioactive iodine species.>* > Amongst the most efficient
and cost-effective adsorption technologies, porous adsorbents,
such as organic cages, silica gel, zeolites, activated carbon,
and metal organic frameworks, have been tested for iodine
capture.***

Various conjugated polymers have been reported with struc-
tures ranging from linear,"**' hypercrosslinked,** organic
frameworks,>** to polycyclic aromatic hydrocarbons.**
Nevertheless, the rigidity and stiffness of these polymers make
them poorly soluble, which can be circumvented by the intro-
duction of aliphatic side chains in order to improve their solu-
bility in common organic solvents. However, the insertion of
long peripheral chains hampers microporosity since these
latter block the intrinsic pores.** An alternative strategy to
improve the solubility of conjugated polymers would be the

This journal is © The Royal Society of Chemistry 2020
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insertion of spiro-centers that result in the formation of con-
torted structures, which prevents any aggregation caused by
n-n stacking.’”>* Herein we describe the synthesis of three
conjugated organic polymers CPP1-3 from 9,10-dibromoan-
thracene DBA with various contorted aryl dialkyne comono-
mers 3a-c via a versatile palladium-catalyzed cyclopentannula-
tion reaction.”** It is worth mentioning that the target poly-
mers were obtained in excellent yields and were found to be
highly soluble in common organic solvents. Hence, CPP1-3
were characterized by GPC, NMR, FTIR, UV-vis absorption and
emission spectroscopy. In addition, the target polymers were
investigated for iodine uptake applications.

Experimental
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 triptycene nonaflate
2¢ was synthesized following the literature.>® The solvents,
namely, hexane, DCM, THF, benzene, toluene, diisopropyl-
amine, DMSO, and acetone, were dried 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.

Instruments

NMR (*H: 600 MHz, *C: 150 MHz) spectra were recorded on a
Bruker BioSpin GmbH 600 MHz spectrometer using CD,Cl,/
CDCl; as a solvent with the chemical shifts (§) given in ppm
and referred to tetramethylsilane (TMS). Electron impact high-
resolution mass spectra (EI-HRMS) were recorded on a Themo
Fisher DFS analyzer with a standard PFK (perfluorokerosene)
as lock mass. The analysed data were converted to accurate
mass employing X-Calibur accurate mass calculation software.
UV-Vis spectra were recorded on a Shimadzu UV1800 spectro-
photometer. Photoluminescence (PL) spectra were recorded on
an Agilent G9800 Cary Eclipse Fluorescence spectrophoto-
meter. An Agilent Gel Permeation Chromatography (GPC/SEC)
system equipped with two columns (PL mixed-C) and cali-
brated against twelve monodisperse polystyrene (PS) stan-
dards, using THF as the eluent at a flow rate of 1.0 mL min™",
was employed to determine the relative weight-average (M),
number-average (M,) molecular weights, and polydispersity
index (D = M,/M,,) of all the reported polymers. FT-IR spectra
were recorded on an FT/IR-6300 type A instrument using a KBr
matrix.

Synthesis

Synthesis of 3a (procedure A). A Schlenk tube was charged
under argon with 1-(tert-butyl)-4-ethynylbenzene 1a (0.25 mL,
1.4 mmol, 4.7 eq.), 2,7-dibromo-9,9-dimethyl-9H-fluorene 2a
(105 mg, 0.3 mmol, 1 eq.), Pd,(dba); (1.6 mg, 1.8 umol,
6 mol%), PPh; (1 mg, 3.6 umol), and Cul (1 mg, 6.0p mol) in
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2 mL of degassed diisopropylamine (iPr,NH) and the solution
was refluxed for 2 days. The resulting solid was filtered and
washed exhaustively with petroleum ether yielding a pale pink
solid (140 mg, 93%). "H NMR (600 MHz, CD,Cl,, ppm): § 7.76
(d, 2H, J = 7.8 Hz, ArH), 7.66 (s, 2H, ArH), 7.56 (dd, 2H, ] = 7.8,
6.6 Hz, ArH) 7.52 (m, 4H, J = 3.6 Hz, ArH) 7.45 (m, 4H, ArH),
1.55 (s, 6H, -CH;),1.37 (s, 18H, -CH;). *C NMR (150 MHz,
CD,Cl,, ppm): 5 154.66, 152.35, 139.20, 131.80, 131.30, 126.50,
126.09, 122.94, 120.84, 90.44, 89.98, 47.47, 35.29, 31.50, 27.32.
EI-HRMS: mj/z calculated for M™ CsoHsg 506.2974 found
506.2975.

Synthesis of 3b. 3b was prepared following procedure A with
1-(tert-butyl)-4-ethynylbenzene 1a (0.25 mL, 1.4 mmol, 4.7 eq.),
2,7-dibromo-9,9"-spirobifluorene 2b (140 mg, 0.3 mmol, 1 eq.),
Pd,(dba); (1.5 mg, 1.8 pmol, 6 mol%), PPh; (1 mg, 3.6 pmol),
and Cul (1 mg, 6.0 pmol) in 2 mL of degassed diisopropyl-
amine (iPr,NH). Pale yellow solid (282 mg, 100%). 'H NMR
(600 MHz, CD,Cl,, ppm): § 7.95 (d, 2H, J = 7.8 Hz, ArH), 7.90
(d, 2H, J = 7.8 Hz, ArH), 7.60 (dd, 2H, J = 7.8, 6.6 Hz, ArH) 7.46
(t, 2H, J = 7.8 Hz, ArH), 7.36 (bs, 8H, ArH), 7.20 (t, 2H, J = 7.8
Hz, ArH), 6.92 (s, 2H, ArH), 6.80 (d, 2H, J = 7.8 Hz, ArH), 1.32
(s, 18H, -CH;). *C NMR (150 MHz, CD,Cl,, ppm): § 151.74,
149.26, 147.77, 141.85, 141.10, 131.36, 131.08, 128.10, 127.99,
126.93, 125.39, 123.89, 122.98, 120.42, 120.24, 119.90, 90.17,
88.76, 65.57, 34.64, 30.83. EI-HRMS: m/z calculated for M
C4oHy0 628.3130 found 628.3132.

Synthesis of 3c. 3¢ was prepared following procedure A with
1-(tert-butyl)-4-ethynylbenzene 1a (1.0 mL, 5.5 mmol, 4.7 eq.),
triptycene nonaflate 2¢ (1.0 g, 1.17 mmol, 1 eq.), Pd,(dba);
(6.7 mg, 7.0 pmol, 6 mol%), PPh; (27 mg, 11 pmol) and Cul
(4.5 mg, 23 pmol) in 7 mL of degassed diisopropylamine
(iPr,NH). White solid (567 mg, 66%). 'H NMR (600 MHz,
CD,Cl,, ppm): § 7.68 (d, 4H, J = 8.4 Hz, ArH), 7.54-7.51 (m,
8H, ArH), 7.21 (s, 2H, ArH), 7.09 (q, 4H, J = 5.4 & 2.4 Hz, ArH),
6.06 (s, 2H, triptycene-CH), 1.42 (s, 18H, -CH;). *C NMR
(150 MHz, CD,Cl,, ppm): § 152.78, 147.63, 145.28, 132.00,
128.46, 126.17, 126.03, 124.45, 120.65, 119.14, 94.86, 86.67,
52.66, 35.37, 31.50. EI-HRMS: m/z calculated for M™" C,,H;g
566.2974 found 566.2976

Synthesis of TBPE (procedure B). A Schlenk tube was
charged under argon with 1-bromo-4-(tert-butyl)benzene 4a
(0.4 mL, 2.3 mmol, 1 eq.), ethynyltrimethylsilane (TMSA,
0.17 mL, 1.2 mmol, 0.5 eq.), Pd(PPhj3),Cl, (98 mg, 0.14 mmol,
6 mol%), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU, 2.1 mL,
14 mmol), and Cul (45 mg, 0.23 mmol) in 30 mL of a degassed
benzene/water mixture (2:3 v/v). The reaction mixture was
refluxed overnight and the solvent was then evaporated under
reduced pressure. The resulting residue was extracted with
ethyl acetate from an aqueous solution of 10% HCI (80 mL)
and the organic layer was washed with a brine solution fol-
lowed by deionized water (100 mL x 2). The desired product
was isolated by silica gel column chromatography, using ethyl
acetate/hexane (10:90 v/v) as the eluent. Pale yellow solid
(182 mg, 54%). 'H NMR (600 MHz, CD,Cl,, ppm): § 7.50 (d,
4H, ] = 8.4 Hz, ArH), 7.43 (d, 4H, J = 8.4 Hz, ArH), 1.37 (s, 18H,
-CH;). *C NMR (150 MHz, CD,Cl,, ppm): § 151.56, 131.15,
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125.41, 120.31, 88.72, 34.66, 30.89. EI-HRMS: m/z calculated
for M™* C,,H,6 290.2035 found 290.2037.

Synthesis of CPM (procedure C). A Schlenk tube was
charged under argon with 9,10-dibromoanthracene DBA
(50 mg, 0.15 mmol, 1 eq.), 1,2-bis(4-(tert-butyl)phenyl)ethyne
TBPE (95 mg, 0.33 mmol, 2.2 eq.), Pd,(dba); (13 mg, 15 pmol,
10 mol%), Tris(o-tolyl)phosphine (P(o-tol);, 4.5 mg, 15 umol),
KOAc (73 mg, 0.75 mmol) and LiCl (13 mg, 0.3 mmol) in 5 mL
of a degassed DMF/toluene solution mixture (1:1, v/v). The
solution was refluxed overnight and the solvent was evaporated
under reduced pressure. The resulting mixture was dissolved
in DCM and extracted with a saturated solution of NaHCO;
(50 mL x 2). The combined organic layer was washed with de-
ionized water (100 mL x 3), concentrated, and the product was
precipitated by adding acetone. The precipitate was isolated by
filtration under reduced pressure over a Millipore® filter and
washed exhaustively with acetone. Green solid (183 mg, 74%).
'H NMR (600 MHz, CD,Cl,, ppm): § 7.67 (d, 2H, J = 6.6 Hz,
ArH), 7.49 (d, 2H, J = 8.6 Hz, ArH), 7.44 (s, 8H, ArH) 7.34 (t,
2H, ] = 7.2 Hz, ArH), 7.30 (d, 8H, J = 2.3 Hz, ArH), 1.35 (s, 18H,
-CHs), 1.25 (s, 18H, —-CH3). *C NMR (150 MHz, CD,Cl,, ppm):
6 151.28, 150.44, 141.49, 139.85, 138.88, 138.77, 134.78,
132.68, 130.86, 130.39, 128.95, 128.35, 126.37, 125.74, 125.67,
125.47, 35.20, 35.03, 31.79, 31.62. EI-HRMS: m/z calculated for
M CsgHsg 754.4538 found 754.4539.

Synthesis of polymer CPP1 (procedure D). 9,10-
Dibromoanthracene DBA (40 mg, 0.12 mmol, 1 eq.), 3a (60 mg,
0.12 mmol, 1 eq.), Pd,(dba); (10 mg, 12 pmol, 10 mol%.), P(o-
tol); (5 mg, 18 pmol), KOAc (58 mg, 0.6 mmol), and LiCl
(10 mg, 0.25 mmol) were refluxed in 2.4 mL of a 1:1 DMF/
toluene mixture in a Schlenk tube under argon. After 4 days of
reaction, the solvent was evaporated under reduced pressure
and the resulting residue was dissolved in CHCI; and extracted
with a saturated solution of NaHCO; (50 mL x 2). The organic
layer was washed with deionized water (100 mL x 3), concen-
trated, and precipitated by adding acetone. The green solid
was filtered and washed with water, methanol, and acetone
and then dried under vacuum. Green solid (53 mg, 86%). 'H
NMR (600 MHz, CDCl;, ppm): § 8.10-7.88 (m, 4H, ArH), 7.77
(bd, 2H, ArH), 7.53-7.34 (bm, 11H, ArH) and 1.43-1.36 (br,
15H, -CH;). *C NMR (150 MHz, CDCl;, ppm): § 153.77,
149.75, 140.86, 139.74, 138.19, 137.82, 136.12, 134.26, 132.14,
130.53, 130.50, 130.04, 129.33, 128.26, 126.40, 125.82, 125.11,
119.75, 46.45, 34.60, 31.37, 26.73; GPC traces: M, = 15 800 Da,
M, = 6600 Da, D = 2.4; FTIR (KBr, cm™*): 2960, 1626, 1436; UV-
vis: (THF, 107° M), Amay [nm] = 340 and 450.

Synthesis of polymer CPP2. CPP2 was prepared following
procedure D with 9,10-dibromoanthracene DBA (53 mg,
0.16 mmol, 1 eq.), 3b (100 mg, 0.16 mmol, 1 eq.), Pd,(dba);
(15 mg, 16 umol, 10 mol%.), P(o-tol); (7 mg, 24 pmol), KOAc
(78 mg, 0.8 mmol) and LiCl (13 mg, 0.32 mmol) which were
refluxed in 3.2 mL of a 1:1 DMF/toluene degassed solution
mixture in a Schlenk tube under argon for 4 days. Green solid
(100 mg, 97%). '"H NMR (600 MHz, CDCl;, ppm): § 7.86-7.64
(m, 4H, ArH), 7.33-6.96 (bm, 21H, ArH), 1.43-1.38 (br, 9H, -
CH;). *C NMR (150 MHz, CDCl;, ppm): § 150.22, 149.53,
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148.96, 141.77, 140.54, 138.81, 138.12, 137.56, 136.71, 133.65,
131.87, 130.51, 130.22, 129.83, 127.82, 127.67, 127.02, 125.75,
125.02, 123.89, 119.95, 66.08, 34.58, 31.40; GPC traces: M,, =
34300 Da, M,, = 12800 Da, P = 2.6; FTIR (KBr, cm™"): 2964,
1682, 1428, 730; UV-vis: (THF, 10™° M), 4. [nm] = 340 and
450.

Synthesis of polymer CPP3. CPP3 was prepared following
procedure D with 9,10-dibromoanthracene DBA (67 mg,
0.2 mmol, 1 eq.), 3¢ (113 mg, 0.2 mmol, 1 eq.), Pd,(dba);
(18 mg, 20 pmol, 10 mol%.), P(o-tol); (9 mg, 30 pmol), KOAc
(105 mg, 1.0 mmol) and LiCl (16 mg, 0.4 mmol) which were
refluxed in 4 mL of a degassed 1:1 DMF/toluene solution
mixture in a Schlenk tube under argon for 4 days. Green solid
(105 mg, 91%). "H NMR (600 MHz, CDCl;, ppm): 6 8.04 (br,
4H, ArH), 7.58-6.86 (bm, 17H, ArH), 5.75 (br, 2H, triptycene-
CH), 1.44 (br, 9H, -CH;). >C NMR (150 MHz, CDCl;, ppm): &
154.72, 149.84, 141.53, 140.43, 138.64, 137.19, 132.57, 132.09,
129.79, 129.71, 129.04, 128.23, 125.30, 125.12, 124.81, 120.87,
51.94, 31.52, 30.93; GPC traces: M,, = 32200 Da, M, = 11 600
Da, P = 2.7; FTIR (KBr, cm™"): 2960, 1432; UV-vis: (THF, 10™°
M), Amax [NM] = 395, 445 and 470.

Results and discussion
Synthesis of comonomers

Scheme 1 shows the synthesis of the dialkyne comonomers
3a-c i.e. 9,9-dimethylfluorene 3a, spiro bifluorene 3b, and trip-
tycene 3c. The aforementioned building blocks were prepared
by reacting 1-(tert-butyl)-4-ethynylbenzene 1a with either the
dibromo derivatives 2a and 2b or nonaflate synthon 2c via a
conventional palladium-catalyzed Sonogashira cross-coupling
reaction.>® Comonomers 3a-c were isolated in very good yields
(~66-100%) and have excellent solubility in common organic
solvents, namely, dichloromethane, chloroform, tetrahydro-
furan, and toluene. It is noteworthy that the formation of 3a-c
was confirmed by 'H- and "*C-NMR spectroscopy, as well as
EI-HRMS (see Fig. 3 and Fig. S1-3, S9-11, and S18-20 in the
ESIY).

Fig. 1 shows the representative "H- and "*C-NMR spectra of
synthon 3a which confirm the presence of all the desired

2a

” BrBr
wen GO 50

PPh;,Cul

O 0S0,C4F4

1a lO

0S0,C4F4

2c

Scheme 1 Synthesis of comonomers 3a—c.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 'H (top) and *C (bottom) NMR of 3a recorded in CD,Cl,.
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Scheme 2 Synthesis of prototypical monomer CPM.

peaks. All the aromatic protons and carbons of 3a were
detected in the ranges of 7.4-7.7 ppm and 120.8-154.6 ppm,
respectively. The "H NMR spectrum of 3a shows the character-
istic aliphatic peaks of the methyl groups of fluorene and
t-butyl moieties at 1.5 and 1.3 ppm, respectively (c¢f. peaks
labeled a and b in Fig. 1). The >C NMR spectrum displays two
peaks at 90.4 and 89.9 ppm, which are attributed to the charac-
teristic sp carbons of 3a (¢f. peaks labeled e and f in Fig. 1). In
addition, all the aliphatic peaks in the range of 47.4-27.3 ppm
are in full agreement with the desired synthon 3a. Similarly,
"H- and "C-NMR spectra of comonomers 3b and 3c display
the characteristic chemical shifts, and thus, confirm the for-
mation of the desired products (see Fig. S1-3 and S9-11 in the
ESIT). Furthermore, electron-impact high-resolution mass
spectrometry (EI-HRMS) of 3a-c reveal the formation of all the
desired building blocks in high purity, as can be observed
from the isotopic distribution (see Fig. S18-20 in the ESIf).

In order to prove the feasibility of the cyclopentannulation
reaction, a model test was carried out by reacting 9,10-dibro-
moanthracene DBA with two equivalents of 1,2-bis(4-(tert-
butyl)phenyl)ethyne TBPE in a 1:1 DMF/toluene mixture at
130 °C (Scheme 2) affording the prototypical target CPM in
74% yield.

The structure of CPM was confirmed by "H- and “*C-NMR
spectroscopy, high-resolution mass spectroscopy (HRMS), and
hydrogen carbon-13 correlation 2D-NMR spectroscopy. Fig. 2
shows the "H NMR spectra of CPM where all the characteristic
aromatic protons are revealed at 7.67 ppm (doublet, labeled a),
7.50 ppm (doublet, labeled b), and 7.34 ppm (triplet, labeled

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 'H NMR of CPM recorded in CD,Cl,.

¢). The aliphatic t-butyl protons are detected at 1.35 ppm and
1.25 ppm. *C-NMR spectral analysis corroborates the above
findings, and thus, further confirms the formation of the
desired monomer CPM by revealing the presence of all the
peaks at the expected chemical shifts. Formation of CPM is
also supported by the 2D hydrogen carbon-13 correlation
spectra which also confirm the sole formation of the desired
product with the absence of any trace amount of side products
(see Fig. S5, S13, and S17 in the ESI¥).

The analysis of CPM by electron-impact high-resolution
mass spectrometry (EI-HRMS) confirms its formation in high
purity, as revealed by the experimentally determined isotopic
patterns when compared to the calculated ones (Fig. 3).

754.4539
7544539
755.4573
756.4606 A
7574
S7.4640 584673 O g @
7574630 7584672 ¢y O
756.4605
755.4572
754.4538
3624773
............,.,.‘l......,.‘..,.‘v#.-‘.*.‘l .
100 200 300 400 500 600 700

miz

Fig. 3 EI-HRMS spectrum of CPM; inset:
measured (up) isotopic patterns of CsgHsg™.

calculated (down) and
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Synthesis of copolymers CPP1-3

As could be observed from Scheme 3, the conjugated polymers
CPP1-3 were synthesized from the cyclopentannulation reac-
tion of DBA with monomers 3a-c following the same con-
ditions which were applied to prepare the prototypical
monomer CPM described in Scheme 2. The polymerization
was carried out by the reaction of a 0.1 M solution of 3a-c with
an equimolar amount of DBA in the presence of a pd,(dba)s
catalyst, a p(o-tol); ligand, a KOAc base and LiCl in a 1:1
DMF/toluene solvent mixture at 130 °C over four days. CPP1-3
target polymers were isolated in excellent yields (86-97%) and
were found to be highly soluble in common organic solvents
such as CHCl;, DCM, and THF. The high purity of CPP1-3 was
confirmed by GPC analysis, and 'H- and "*C-NMR, FTIR, UV-
vis absorption and emission spectroscopy (see Fig. 4 and
Fig. S6-8, S14-16, and S22-23 in the ESIY).

The GPC results of CPP1-3 reveal that the average weight
molar mass (M,,) ranges from 32.2 to 15.8 kDa, while the
average number molecular mass (M,,) varies between 11.6 and
6.6 kDa, thus yielding polydispersity values (P) varying from
2.4 to 2.8 (Fig. 4 and Table 1, entry 1-3).

With (Ar) =

3a,CPP1 '»
3b, CPP2 "
' 920

#0r*
3¢, CPP3

Scheme 3 Synthesis of conjugated polymers CPP1-3.
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Fig. 4 Normalized GPC chromatogram of CPP2.

Table 1 GPC results of polymers CPP1-3

Entry Product M,, (g mol™) M, (g mol™) b

1 CPP1 15 800 6600 2.4
2 CPP2 34 300 12 800 2.7
3 CPP3 32200 11 600 2.8
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Fig. 5 illustrates the comparative FT-IR absorption spectra
of comonomer 3¢ and its corresponding polymer CPP3. The
characteristic stretching and bending vibrations of the ali-
phatic C-H groups in 3c are observed at 2967 and 1440 cm™,
respectively. In addition, 3¢ divulges the characteristic C=C
stretching vibrations at 2209 cm™, which completely dis-
appears in the FT-IR absorption spectrum of the corres-
ponding polymer CPP3. The stretching and bending vibrations
of the aliphatic C-H groups in CPP3 are detected at 2960 and
1432 cm™ ", respectively. It is noteworthy that the FT-IR spec-
trum of CPP3 discloses more pronounced aromatic stretching
vibrations for C-C  (1400-1600 cm™) and C-H
(2960-3050 ¢cm™'), when compared to those recorded for
monomer 3c. This clearly indicates the full conversion of the
ethynylene moieties into the corresponding conjugated
polymers.

The photophysical properties of the target polymers were
measured by means of UV-Vis absorption and fluorescence
spectroscopy. CPP1 and CPP2 display similar features with a
strong UV absorption band at 340 nm, whereas CPP3, i.e. the
polymer that contains triptycene units, discloses a strong
absorption band at 395 nm, thus revealing a red-shift by
55 nm. Interestingly, the emission spectra of polymers CPP1-3
show two peak maxima, the first ranging from ~403 to
433 nm, while the second being observed between 540 and
564 nm (Fig. 6).

Iodine uptake studies

Target polymers CPP1-3 offer several advantages, namely,
their contorted structures, excellent solubility, and long-
range conjugation. Whilst the former property could be
explained by cyclopentannulation reaction, the last two pro-
perties could be attributed to the introduction of the
specially designed polycondensed aromatic hydrocarbon
comonomers 3a-c, whose spiro centers prevent the target
polymers CPP1-3 from aggregation and improve the overall
polymer porosity. Therefore, the specially designed graphite-
like structures of CPP1-3 prompted us to explore their iodine
adsorption and desorption properties. Vapor iodine adsorp-
tion experiments were carried out gravimetrically according
to a protocol reported in the literature.’””® CPP1-3 target
compounds were exposed to excess iodine vapors by taking a
20 mg sample of each polymer in an open glass vial, which
was in turn placed inside a sealed glass vessel that contained
solid iodine at 80 °C under atmospheric pressure. The iodine
uptake capacity of CPP1-3 was monitored gravimetrically as
shown in Table 2. It was observed that after one hour of
iodine exposure, ~65% by weight was adsorbed by CPP2
while half of this amount ie. ~30 wt% was recorded for
CPP1 and CPP3 (Table 2, entry 3). Subsequently, the iodine
uptake by CPP2 reached ~190 wt% after 24 hours, whereas
an average of 135 wt% was recorded for CPP1 and CPP3 for
the same exposure period (Table 2, entry 9). The adsorption
values showed little increase when the polymers were kept
for 72 hours, thus, suggesting the saturation of CPP1-3,
reaching maximum iodine uptake capacities of 153, 200, and

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Comparative FT-IR spectra of 3c and CPP3.
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Fig. 6 Normalized UV-VIS absorption (left) and emission (right) spectra
of CPP1-3 (Cy = 107° M in THF).

140 wt%, respectively (Table 2, entry 10). It is noteworthy
that the iodine uptake capacity of the prototypical monomer
CPM is just 32 wt% after 72 hours of exposure to iodine
vapors, which is far lower than that of its corresponding
polymers CPP1-3.

The 200 wt% iodine uptake value of CPP2 is superior to
those of polymers reported in the literature, and notable

This journal is © The Royal Society of Chemistry 2020

Table 2 Summary of iodine adsorption of polymers CPP1-3

Entry Time® CPM? CPP1  CPP2 CPP3  Reused CPP2
1 0 — — — — —
2 0.5 — 13 45 9 43
3 1 — 34 65 30 67
4 2 — 47 80 45 82
5 3 — 67 120 60 115
6 4 — 93 140 85 138
7 5 — 100 150 100 147
8 6 — 107 160 115 153
9 24 16 129 190 140 173
10 72 32 153 200 140 180

“ Hours. ? wt% iodine uptake.

among these are nitrogen-rich triptycene-based materials
(NTP, 180 wt%),>® calix[4]arene-based 2D macromolecules
(CX4-NS, 114 wt%),°® porphyrin and pyrene-based conjugated
microporous polymers (Por-Py-CMP, 130 wt%),°" nitrogen-con-
taining materials (NRPPs, 192 wt%),>” JLUE covalent organic
polymer (JLUE-COP-3, up to 90.29%),°> conjugated micro-
porous polymers with thiophene units (SCMPs, 222 wt%),**

Polym. Chem., 2020, 11, 3066-3074 | 3071
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Fig. 7 CPP2 gravimetric adsorption (left) and desorption (right, heated
at 125 °C in air) of iodine as a function of time. Inset: crucible photo-
graphs showing the color change after iodine adsorption.

hierarchically porous adamantane-based macromolecules
(202 wt%),*® triazine-based covalent frameworks (TTPT,
177wt%),** fluorine-enriched polymers (FCMP-600@1-4, up to
141 wt%)°> and many others.®*%”

The iodine adsorbed by CPP1-3 could be released by
simple heating of these latter polymers in air at 125 °C. The
complete 100% iodine desorption efficiency for the iodine-
loaded polymers (I,@CPP1-3) was recorded at different time
intervals (Fig. 7 and Fig. S24 and $26 in the ESIT). The reusable
adsorption efficiency of the polymers was investigated using
CPP2, which showed the maximum uptake capacity for iodine.
For this, we first heated a sample of CPP2 fully loaded with
iodine vapors (I,@CPP2) at 125 °C for 24 hours, in order to
ensure the complete release of the adsorbate from the polymer
backbone. The reactivated CPP2 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 prepared polymer (Table 2). It is worth men-
tioning that CPP1-3 undergo a color change from green/brown
to black upon exposure to iodine vapors and return to their
original color when heated to 125 °C in order to release the
adsorbate (Fig. 7, inset).

Iodine desorption results were further supported by
immersing CPP1-3 in ethanol, an excellent solvent for dissol-
ving iodine but not the target polymers (Fig. 8 and Fig. S25
and S27 in the ESI}). The iodine extraction in ethanol was
studied by recording the UV-visible absorbance spectra at
different time intervals (Fig. 8). A noticeable increase with
time in the intensity of the absorbance maxima that corres-
pond to iodine, ie. ~227 nm (due to I,), ~290 nm and
~359 nm (due to polyiodide ions), was observed which con-
firms the adsorbate release from CPP2 under ambient con-
ditions. The amount of iodine released increased rapidly
within the first 20 minutes and reached equilibrium after
45 minutes. The color of the solution changed from colorless
to yellow (Fig. 8) which further confirms the iodine release in
ethanol. These experimental observations strongly suggest
that CPP1-3 can be employed as sorbent materials for
efficient iodine vapor uptake. Moreover, once the polymers
are loaded with iodine (I,@CPP1-3), they can be easily regen-
erated either by heating or soaking in ethanol, which makes
the recycling process quite practical.
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Fig. 8 UV-Vis absorption spectra upon immersion of 1,@QCPP2 in

ethanol. Inset: photographs of the solutions showing a color change
upon immersion in ethanol.

Conclusion

We report the synthesis of three new conjugated polymers
CPP1-3 via typical palladium-catalyzed cyclopentannulation
reaction conditions. The target polymers, which contain con-
torted monomers, namely, dimethyl fluorene (CPP1), spirobi-
fluorene (CPP2), and triptycene (CPP3), were isolated in excellent
yields and found to have high relative weight-average molecular
weights (M,,) in the range of 15.8-34.3 kDa and a polydispersity
index (b = M,/M,) varying between 2.4 and 2.8. Iodine vapor
sorption studies of CPP1-3 reveal a high % by weight uptake
that reaches 200 wt% for CPP2 with the possibility to regenerate
the polymer either by heating in ambient air or soaking in
ethanol. This paves the way towards using these promising
materials as versatile recyclable iodine gas adsorbents for appli-
cations in the field of environmental remediation.
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