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Abstract

A series of novel aromatic polyamides containing both sulfone linkages and cardo
groups were synthesized via a heterogeneous palladium-catalyzed carbonylation
and condensation reaction of aromatic diiodides bearing ether sulfone linkages, car-
bon monoxide, and aromatic diamines with cardo groups. Polycondensation reac-
tion proceeded smoothly under 1 atm of CO at 120 °C in N,N-dimethylacetamide
(DMACc) by using a bidentate phosphine ligand-modified magnetic nanoparticles-
anchored palladium complex [2P-Fe;0,@Si0,-PdCl,] as a recyclable catalyst with
1,8-diazabicycle[5,4,0]-7-undecene (DBU) as a base, furnishing cardo poly(ether
sulfone amide)s with inherent viscosities between 0.70 and 0.77 dL/g. The result-
ing polyamides could be readily dissolved in polar aprotic organic solvents and even
dissolved in less polar pyridine and tetrahydrofuran at room temperature and could
be easily converted into flexible, transparent, and tough films via casting from their
solutions in DMAc. These polymers exhibited excellent thermal stability with the
glass transition temperatures between 241 and 283 °C and the temperatures at 5%
weight loss ranging from 438 to 475 °C in an atmosphere of nitrogen. The polyamide
films displayed good mechanical behavior with tensile strengths of 78.8-84.4 MPa,
tensile moduli of 2.08-2.57 GPa, and elongations at breakage of 10.2-12.5%, and
optically high transparency with cut-off wavelengths in the range of 338-368 nm.
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Introduction

Aromatic polyamides, such as poly(p-phenyleneterephthalamide) (PPTA) and
poly(m-phenyleneisophthalamide) (MPIA), exhibit many desirable characteristics
including excellent mechanical properties, high thermal stability, and good chemi-
cal resistance, along with low flammability [1-9]. Despite the outstanding combined
properties, most of aromatic polyamides suffer from some drawbacks such as infu-
sibility and limited solubility in most organic solvents because of the strong inter-
chain interaction caused by the highly rigid and regular polymer backbone and the
existence of intermolecular hydrogen bonding, which result in their poor process-
ability and restrict their wide-spread applications. Thus, considerable efforts have
been devoted to the design of the chemical structure of the rigid polymer backbone
to obtain aromatic polyamides that are easily processable by traditional techniques
[10-14].

On the other hand, aromatic poly(ether sulfone)s, such as those derived from
4,4'-dichlorodiphenyl sulfone and bisphenols like 2,2-bis(4-hydroxyphenyl)propane,
biphenyl-4,4'-diol, and 4,4'-dihydroxydiphenyl sulfone, have already been developed
into commercial high-performance thermoplastic materials because of their good
mechanical properties, high thermooxidative stability, as well as excellent hydrolytic
stability [15—17]. These polymers are generally amorphous and transparent materi-
als having comparatively high glass transition temperatures and have been exten-
sively employed as thermoplastic matrices in fiber-reinforced composites using
Kevlar, carbon, and glass fibers as reinforcement [18]. It is well known that the
introduction of sulfone linkages into polymer main chain could lead to an enhanced
solubility, an increased Tg value, and excellent thermooxidative stability. In order to
modify the properties of aromatic polyamides, aromatic poly(ether sulfone amide)
s have been synthesized by low temperature solution polycondensation reactions
of 4,4'-(4,4'-sulfonylbis(4,1-phenylene)bis(oxy))dianiline with diaroyl chlorides
[19], 4,4'-(4,4'-sulfonylbis(4,1-phenylene)bis(oxy))dibenzoyl chloride with aro-
matic diamines [20], and aromatic diamines containing sulfone and amide units with
diaroyl chlorides [21]. The resulting polyamides were characterized by outstanding
thermooxidative stability and solubility, good mechanical behavior, and higher glass
transition temperatures.

The carbonylation and condensation reactions of aromatic dihalides, carbon mon-
oxide, and aromatic diamines under the catalysis of palladium have been developed
into an alternative approach for the synthesis of aromatic polyamides due to some
attractive advantages such as the elimination of corrosive and moisture-sensitive
aromatic diacid chlorides, the use of CO as a inexpensive and easily available C1
source, and the easy availability of various bishalogenated arene monomers [22—30].
However, all the carbonylative polymerizations were carried out using homogene-
ous PdCl,(PPh,), (typically 6 mol%) as the catalyst and an excess of PPh; as the
ligand. Homogeneous catalysis suffers from the difficult separation of the palladium
catalyst from the desired product and the inability to recycle the expensive catalyst.
Moreover, the polycondensation catalyzed by a homogeneous palladium complex
might result in a high level of residual palladium in the desired polymer because of
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palladium leaching. The process for removal of palladium impurity from the result-
ing polymer is rather tedious since the residual palladium species was firmly embed-
ded in the curled polymer chain, thereby limiting application of this methodology
in large-scale preparation of highly purified polymers. Therefore, development of
highly active and recyclable heterogeneous palladium catalysts for the carbonyla-
tive polycondensation without palladium leaching remains a challenging task and is
highly desirable.

In recent years, the application of magnetic nanoparticles-bound palladium com-
plexes in organic transformations has received much attention since the palladium
complexes anchored onto magnetic nanoparticles can be facilely separated from the
product and recovered simply by placing a magnet near the reaction vessel without
centrifugation and/or filtration, which minimizes loss of the palladium catalyst and
greatly improves its recyclability [31-35]. Recently, we have described the prepara-
tion of a bidentate phosphine ligand-modified magnetic nanoparticles-anchored pal-
ladium complex [2P-Fe;O,@SiO,-PdCl,] and its application to heterogeneous car-
bonylation and condensation reaction of aromatic diiodides, carbon monoxide, and
aromatic diamines towards new aromatic polyamides [36-38]. To further expand
the application of this heterogeneous palladium catalyst and examine the combined
effects of sulfone linkages and cardo groups on the properties of aromatic polyam-
ides, herein we report the synthesis of new aromatic polyamides containing both
sulfone linkages and cardo groups through a heterogeneous carbonylation and con-
densation reaction of aromatic diiodides bearing ether sulfone linkages, carbon mon-
oxide, and aromatic diamines with cardo groups by using 2P-Fe;0,@Si0,-PdCl, as
arecyclable palladium catalyst. The new polyamides obtained were characterized by
FT-IR, '"H-NMR, WAXD, DSC, TGA, UV-vis, etc. Primary characterization results
indicated that they might serve as new candidates for solution processable high-per-
formance engineering plastic and optoelectronic materials.

Experimental
Materials

The 2P-Fe;0,@Si0,-PdCl, complex was prepared via our previously described
route [36]. N,N-Dimethylacetamide (DMAc), N,N-dimethylformamide (DMF),
N-methyl-2- pyrrolidone(NMP), 1,3-dimethyl-2-imidazolidone (DMI), dimethyl sul-
foxide (DMSO), and hexamethylphosphoramide (HMPA) were purified by distilla-
tion under a reduced pressure and stored over 4 A molecular sieve. Diphenylphos-
phine, 3-aminopropyltriethoxysilane, and 1,8-diazabicyclo[5,4,0]-7-undecene
(DBU) were purified by distillation under a reduced pressure. 4,4'-Di(3-iodophe-
noxy)diphenyl sulfone (1a) [38], 4,4'-di(4-iodophenylsulfonyl)diphenyl ether (1b)
[38], 9,9-bis[4-(4-aminophenoxy)phenyl]fluorene (2a) [39], 9,9-bis[4-(4-amino-
2-trifluoromethylphenoxy)phenyl]fluorene (2b) [40], 9,9-bis-[4-(4-aminophenoxy)
phenyl]xanthene (2¢) [41], and 9,9-bis[4-(4-amino-2-trifluoromethylphenoxy)phe-
nyl]xanthene (2d) [42] were prepared by referring to literature methods. All other
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starting materials were of analytical grade and were employed as received from dif-
ferent commercial sources.

Characterization

FT-IR spectra of the polymers in KBr pellets were obtained with a Horiba FT-720
FTIR spectrometer. '"H NMR (400 MHz) spectra were recorded on a Bruker Avance
400 (400 MHz) spectrometer in DMSO-dg as solvent with Me,Si as the internal
reference. Elemental analyses were conducted on a PerkinElmer model 2400 CHN
element analyzer. Inherent viscosities (#;,,=(In #,)/c) were measured on a Can-
non-Fenske viscometer at a concentration of 0.5 g/dL in DMAc at 30 °C, in which
the polyamides were pretreated by drying in oven at 120 °C for 2 h to remove the
adsorbed moisture. Molecular weights were measured on a gel permeation chro-
matograph (GPC) with polystyrene calibration using JASCO HPLC equipped with
Shodex KD-80 M column at 40 °C in DMF. Differential scanning calorimetry
(DSC) analyses were conducted on a Mettler Toledo DSC 821e instrument under
nitrogen protection at a heating rate of 10 °C/min, and the 7, values were read at the
middle of the transition in the heat capacity in the second scan. The samples were
pre-heated at 150 °C for 1 h before DSC measurements. Thermogravimetric analysis
(TGA) was carried out with a Netzsch Sta 449c thermal analyzer system under nitro-
gen protection at a heating rate of 20 °C/min. The measurements were taken after an
initial 250 °C/10 min drying step. The stress—strain behavior of the polyamide films
were studied on an Instron model 1130 universal tester with 60X 5 mm specimens
at a drawing rate of 5 mm/min, and an average of at least five individual determina-
tions was reported. Wide angle X-ray diffraction (WAXD) patterns were recorded at
room temperature on a Rigaku D/MAX-ITA X-ray diffractometer with nickel-filtered
CuKa radiation (40 kV and 20 mA). Ultraviolet—visible spectra of the polyamide
films were obtained on a V-550 UV-vis spectrophotometer. The refractive indices
of the polymer films were determined by a prism-coupler method on Sairon SPA-
3000 model at 623.8 nm. The palladium content of the catalyst was measured with a
Jarrell-Ash 1100 ICP analysis.

Preparation of the 2P-Fe;0,@Si0,-PdCl, catalyst

A mixture of 3-(N,N-di(diphenylphosphinomethyl))aminopropyltriethoxysilane
(0.928 g, 1.5 mmol) and Fe;0,@Si0, (1.103 g) in dry toluene (50 mL) was stirred
at reflux for two days under nitrogen. After the mixture was cooled to room tempera-
ture, the resulting product was magnetically separated, followed by washing with
toluene to remove the unanchored phosphine ligand and dried at 120 °C in vacuo
for 4 h to afford 1.322 g of the bidentate phosphine ligand-modified Fe,O,@Si0O,
(2P-Fe;0,@Si0,). The phosphorus content of 2P-Fe;0,@SiO, was found to be
0.96 mmol/g based on elemental analysis.

A mixture of palladium chloride (73 mg, 0.4 mmol) and 2P-Fe;0,@SiO, (1.02 g)
in dry acetone (50 mL) was stirred at reflux for 3 days under N,. After the reaction
mixture was cooled to room temperature, the resulting product was magnetically
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separated, followed by washing with acetone repeatedly and dried at 80 °C in
vacuo for 5 h to afford 1.037 g of 2P-Fe;0,@Si0,-PdCl,. The palladium content of
2P-Fe;0,@Si0,-PdCl, was found to be 0.38 mmol/g based on ICP-AES.

Synthesis of polymers

A 100 mL, oven-dried reaction tube equipped with a CO inlet and a magnetic stirrer
was charged with 4,4'-di(3-iodophenoxy)diphenyl sulfone 1a (0.3273 g, 0.5 mmol),
DBU (0.184 g, 1.2 mmol), 2P-Fe;0,@Si0,-PdCl, (79.5 mg, 0.03 mmol), 9,9-bis[4-
(4-aminophenoxy)phenyl]fluorene 2a (0.2715 g, 0.51 mmol), and DMAc (2.5 mL)
under an atmosphere of nitrogen. After being evacuated, the reaction tube was back-
filled with CO and sealed. The reaction mixture was then heated to 120 °C over
20 min and was stirred for 12 h at 120 °C. After being cooled to room temperature,
the resulting viscous polymer solution was further diluted with DMAc (13 mL), and
the catalyst was magnetically separated. The polymer solution was then trickled into
MeOH (100 mL) with stirring to produce a precipitate. The white fiber-like pre-
cipitate was collected by filtration, washed with hot MeOH (3 x20 mL) and water
(2%20 mL) and dried at 150 °C in vacuo for 5 h to yield polymer 3aa. The recov-
ered palladium catalyst was washed with DMAc (2 mL), deionized H,O (2 mL),
acetone (2 mL), dried at 100 °C in vacuo for 2 h and employed directly in the next
polymerization cycle. Other polymers 3ab-3bd were also synthesized by a similar
procedure as described for polymer 3aa.

Results and discussion
Preparation of the 2P-Fe;0,@Si0,-PdCl, catalyst

The bidentate phosphine ligand-modified magnetic nanoparticles-anchored pal-
ladium complex[2P-Fe;0,@Si0,-PdCl,] was prepared by referring to our pre-
viously reported route as illustrated in Scheme 1 [36]. The silica-coated Fe;0,
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(Et0),Si7 >N
@ N—PPh, —0__ _~_~__/—PPh,
i N
SiO,
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PdCl, —O0  ~_~_ R
S N pdcl,
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t
2P-Fe;0,@Si0,-PdCl,

Scheme 1 Preparation of the 2P-Fe;0,@SiO,-PdCl, complex
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(Fe;0,@8Si10,) was reacted with 3-(N,N-di(diphenylphosphinomethyl))amino-
propyltriethoxysilane at 110 °C in toluene under nitrogen for 2 days to give the
bidentate phosphine ligand-modified magnetic nanoparticles (2P-Fe;0,@Si0,).
The 2P-Fe;0,@Si0, was then complexed with palladium chloride in dry acetone
at reflux under nitrogen for 3 days to afford the 2P-Fe;0,@Si0,-PdCl, complex.
The palladium content of 2P-Fe;0,@Si0,-PdCl, was found to be 0.38 mmol/g by
using ICP-AES analysis.

Preparation of aromatic diiodide monomers

The synthetic routes to aromatic diiodides having ether sulfone linkages 1a and
1b are shown in Scheme 2 [38]. 4,4'-Di(3-iodophenoxy)diphenyl sulfone (1a)
was obtained through the nucleophilic substitution reaction of 3-iodophenol
with 4,4’-dichlorodiphenyl sulfone in toluene and DMAc with K,CO; as base
(Scheme 2a). On the other hand, 4,4'-di(4-iodophenylsulfonyl)diphenyl ether
(1b) was prepared by the Friedel-Crafts acylation reaction of iodobenzene with
4,4'-oxydiphenyldisulfonyl chloride in nitrobenzene in the presence of FeCl,
(Scheme 2b). The 'H-NMR spectra shown in Fig. 1 were in good accordance with
the proposed structures of monomers 1a and 1b.

|
9 K,COj
2 OH + CI S Cl >
I DMAc/toluene

0
| |
Q
oL Y oy
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Scheme 2 Preparation of aromatic diiodide monomers 1a and 1b
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Fig.1 '"H-NMR spectra of the monomers 1a and 1b (CDCly)

Synthesis and characterization of polymers

Over the past decades, significant efforts have been made to design and synthesize
wholly aromatic polyamides containing cardo structures. Generally, the incorpora-
tion of cardo structures into the main chains of polyamide imparts good solubility
and processability, and better mechanical and thermal behaviors [39-45]. However,
to our knowledge, relatively little attention has been paid to the synthesis of cardo
poly(ether sulfone amide)s. To further examine the combined effects of sulfone link-
ages and cardo groups on the properties of aromatic polyamides, a series of novel
aromatic polyamides containing both sulfone linkages and cardo groups were syn-
thesized through a carbonylation and condensation reaction of aromatic diiodides
bearing ether sulfone linkages, carbon monoxide, and aromatic diamines with cardo
groups in the presence of 2P-Fe;0,@Si0,-PdCl, as the catalyst. Initially, the car-
bonylation and condensation reaction of 4,4'-di(3-iodophenoxy)diphenyl sulfone
la, carbon monoxide, and 9,9-bis[4-(4-aminophenoxy)phenyl]fluorene 2a were
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studied to screen the optimal reaction conditions including solvents, bases, reac-
tion temperatures, and palladium quantities; the results are given in Table 1. At first,
various organic bases including 1,4-diazabicyclo[2,2,2]Joctane (DABCO), n-Bu;N,
4-(dimethylamino)pyridine (DMAP) and 1,8-diazabicyclo[5,4,0]-7-undecene
(DBU) were tested at 120 °C in DMAc. The use of DBU as base was found to be
the most efficient and furnished the polymer 3aa with high inherent viscosity of
0.77 dL/g (entries 1-5). Compared to the other tertiary amines used, DBU swells
the polyamide apart from acting as an acid acceptor, thereby enhancing the propa-
gation reaction [22]. Replacement of DMAc as solvent with NMP, HMPA, DMF,
DMSO, or DMI did not enhance the inherent viscosity of the polymer 3aa (entries
6-10). Lowering reaction temperature to 100 or 110 °C generated the polymer 3aa
with lower inherent viscosities because of lower reaction rates (entries 11 and 12).
The reaction rate should increase with the rise in reaction temperature; however, the
solubility of carbon monoxide in DMAc decreased gradually with increasing the
reaction temperature. The reaction run at 130 or 140 °C also produced the polymer
3aa with a comparatively low inherent viscosity since the actual rate of the reaction

Table 1 Screening of polymerization reaction conditions

Entry  Base Pd loading PPh; (mol%)  Solvent  Temp. (°C)  Time (h)  7#;,," (dL/g)
(mol%)
1 DABCO 6 0 DMAc 120 20 0.41
2 n-BusN 6 0 DMAc 120 24 0.27
3 DMAP 6 0 DMAc 120 24 0.19
4 DBU 6 0 DMAc 120 12 0.77
5 DBU 6 0 DMAc 120 24 0.76
6 DBU 6 0 NMP 120 20 0.49
7 DBU 6 0 HMPA 120 20 0.54
8 DBU 6 0 DMF 120 14 0.65
9 DBU 6 0 DMSO 120 14 0.61
10 DBU 6 0 DMI 120 24 0.37
11 DBU 6 0 DMAc 110 18 0.63
12 DBU 6 0 DMAc 100 24 0.46
13 DBU 6 0 DMAc 130 15 0.65
14 DBU 6 0 DMAc 140 15 0.54
15 DBU 3 0 DMAc 120 12 0.38
16 DBU 3 0 DMAc 120 24 0.56
17 DBU 10 0 DMAc 120 8 0.78
18° DBU 6 24 DMAc 120 16 0.36
19° DBU 6 96 DMAc 120 12 0.79

Reaction conditions: 1a (0.5 mmol), 2a (0.51 mmol), base (1.2 mmol), solvent (2.5 mL), and 2P-Fe;0,@
Si0,-PdCl, (0.03 mmol) under 1 atm of CO

#Measured with a concentration of 0.5 g/dL in DMAc at 30 °C
deClz(PPh3)2 (0.03 mmol) was used
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was lower than that of the reaction performed at 120 °C (entries 13 and 14). We next
studied the influence of the palladium catalyst quantity on the model reaction and
found that the use of 6 mol% palladium catalyst was the best choice. Reducing the
catalyst quantity to 3 mol% resulted in a lower inherent viscosity of polymer 3aa
and demanded a longer reaction time (entry 16). Increasing the catalyst quantity to
10 mol% could enhance the reaction rate, but no significant increase in the inherent
viscosity of the polymer was observed (entry 17). It was reported that the synthesis
of aromatic polyamides via PdCl,(PPh;),-catalyzed carbonylative polycondensation
generally requires the use of an excess of PPh; as ligand to prohibit the production
of palladium black [22-30]. We found that employment of 6 mol% PdCl,(PPh;),
and 24 mol% PPh, as the catalytic system gave a low inherent viscosity of the poly-
mer and the generation of palladium black was observed clearly (entry 18). How-
ever, when 6 mol% PdCl,(PPh;), and 96 mol% PPh; were used, the polymer 3aa
with higher molecular weight could also be generated (entry 19). Thus, the optimal
polymerization reaction conditions were the use of 6 mol% 2P-Fe;0,@SiO,-PdCl,
with DBU as base at 120 °C in DMACc as solvent under 1 atm of CO for 12 h without
addition of PPh; (Table 1, entry 4).

Having established the optimized polycondensation reaction conditions, we next
investigated the heterogeneous carbonylation and condensation reaction of aromatic
diiodides bearing ether sulfone linkages la-b, carbon monoxide, and aromatic
diamines with cardo groups 2a—d as presented in Scheme 3, and the results are pro-
vided in Table 2. The novel aromatic polyamides containing both sulfone linkages
and cardo groups 3aa-3bd were prepared in high yields of 92-95% with higher
inherent viscosities between 0.70 and 0.77 dL/g and could be readily converted into

2P—Fe304@8i02—PdCI2 le) o
I—Ar—I + H,N—ArF—NH, + CO (6 mol%) (':l Al (|3| H A H
—_— — —_— — —_— r— —_— —_— L
2 2 DBU, DMAc, 120 °C, 12 h ' n

3

OO HO0 -OFO0H0-

(6} O

2c

Scheme 3 Synthesis of the polymers 3aa-3bd
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Table 2 Physical properties and elemental analysis of the polymers

Polymer Diiodide/diamine Yield (%) n;,," (dL/g) Formula Elemental analysis

C(%) H(%) N (%)

3aa 1a/2a 95 0.77 (CHpuN,0gS),  Caled 76.66 4.29 2.84
Found 75.89 436 251

3ab 1a/2b 93 0.71 (CesHyoFgN,O  Caled  69.51 3.59  2.49
3 Found 6895 337 223

3ac 1a/2¢ 92 0.70 (C;HpuN,0,8),  Caled 7544 422 279
Found 74.63 4.18 2.5l

3ad 1a/2d 94 0.73 (CesHyoFgN,O  Caled  68.54 3.54  2.46
oS)h Found 68.13 328 229

3ba 1b/2a 93 0.72 (Ce;HoN,048,), Caled  73.10 409 271
Found 7242 4.16 2.38

3bb 1b/2b 94 0.74 (CesHyoFgN,O  Caled  66.66 3.44 239
9S2)n Found 6621 3.15 242

3bc 1b/2¢ 95 0.70 (Ce3HyoN, 0, Caled 7199 4.03 2.67
0S2)n Found 7125 3.94 239

3bd 1b/2d 94 0.73 (CesHyoFgN,O,  Caled 6576 3.40  2.36
0S2)n Found 6538 3.09 2.11

Polymerization conditions: 1 (0.5 mmol), 2 (0.51 mmol), DBU (1.2 mmol), DMAc (2.5 mL), and
2P-Fe;0,@Si0,-PdCl, (0.03 mmol) at 120 °C under 1 atm of CO for 12 h

“Inherent viscosity determined at a concentration of 0.5 g/dL in DMAc at 30 °C

flexible, transparent, and tough polyamide films via casting from their solutions in
DMAc, revealing that the polyamides with comparatively higher molecular weights
could be easily synthesized via the heterogeneous palladium-catalyzed carbonyla-
tion and condensation reaction. The molecular weight of polymer 3aa having inher-
ent viscosity of 0.77 dL/g was determined by GPC in DMF relative to narrow pol-
ystyrene standards. The GPC trace was unimodal with polydispersity of 1.8. The
chromatogram demonstrated that the relative M and M, values were 85,000 and
154,000, respectively. The elemental analysis results of these polyamides are also
provided in Table 2. In general, the carbon values determined were slightly lower
than the calculated ones for the proposed polymer structures because of moisture
intake, and the elemental analysis values are close to the calculated ones. The chain
structures of the polymers 3aa—-3bd were identified by applying FTIR and '"H NMR
spectroscopy. The FTIR spectra of all the polyamides display characteristic absorp-
tion peaks at 3320-3450 cm™' (N-H stretching) and 1650-1670 cm™! (C=O0 stretch-
ing) based on amide linkages, at 1220-1235 cm™' (C—O—C stretching) correspond-
ing to aryl ether linkages, as well as 1318 and 1153 cm™' (-SO,- stretching) due to
sulfone linkages, which supporting their chain structures. Besides, the FTIR spectra
of polymers 3ab, 3ad, 3bb, and 3bd show an absorption peak at 1135-1145 cm™
(C-F stretching) owing to CF; groups. The FT-IR spectra of the polymers 3aa-3bd
are presented in Fig. 2. In the "H-NMR spectra of polymers 3aa-3bd, the proton
resonance signals of amide linkages appear as a sharp singlet at 6=10-11 ppm, and
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Fig.2 FT-IR spectra of the
polymers 3aa—3bd

3aa

3ab

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

other aromatic proton peaks could also be assigned in the polymer structures pro-
posed. Figure 3 presents a typical 'H-NMR spectrum of the polymer 3ab. The above
results indicate that the polyamides containing both sulfone linkages and cardo
groups 3aa-3bd have the expected chemical structures.

Polymer solubility and crystallinity

The solubility behavior of the polyamides containing both sulfone linkages and
cardo groups 3aa-3bd was evaluated by dissolving 10 mg of the powdery samples
in 1 mL of various organic solvents at room temperature, and the results are listed
in Table 3. As presented in Table 3, polymers 3aa—-3bd could easily be dissolved in
polar aprotic organic solvents including DMAc, NMP, DMF, DMSO and even dis-
solved in less polar pyridine and tetrahydrofuran at room temperature within 3 h.
In addition, the polyamides 3bc and 3bd derived from aromatic diiodide 1b and
aromatic diamines 2c—d exhibited better solubility than other polymers and could
be swelled in acetone at room temperature due to the existence of relatively higher
contents of sulfone and ether linkages in the polymer backbone. However, all these
polyamides could not be dissolved or swelled in chloroform, toluene, or ethanol
even on heating. The excellent solubility of polyamides 3aa—-3bd should be attrib-
uted to the combined effects of flexible ether and sulfone linkages and bulky cardo
structures in the polymer main chain, which increased the distance between polymer
chains and the free volume, thereby resulting in an enhanced solubility.

The crystallinity of the polyamides containing both sulfone linkages and
cardo groups was evaluated by using wide-angle X-ray diffraction (WAXD). The
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Fig.3 '"H-NMR spectrum of the polymer 3ab (DMSO-dg)

Table 3 Solubility of the

polyamides containing both Solvent 3aa 3ab 3ac 3ad 3ba 3bb 3bc 3bd

sulfone linkages and cardo NMP T 44 44 44 4+ 44 o+ o

groups 3aa-3bd
DMAc ++ ++ ++ ++ ++ ++ ++ ++
DMF ++ +4+ ++ ++ ++ ++ ++ ++
DMSO ++ 4++ ++ ++ ++ ++ ++ ++
Pyridine ++ ++ ++ ++ ++ ++ ++ ++
THF ++ ++ ++ ++ ++ ++ ++ ++
Acetone - - - - - - +- 4=
Chloroform — - - - - - - -
Toluene - - - - - - - -
Ethanol - - - - - - - -

++Soluble at room temperature in 3 h

+Soluble at room temperature in 24 h

+—Partially soluble or swelling at room temperature

—Insoluble

diffraction patterns illustrated in Fig. 4 indicate that the polymers 3aa-3bd are
completely amorphous, which could be attributed to the incorporation of flex-
ible ether and sulfone linkages and bulky cardo structures into polymer back-
bone, which led to poor packing of polymer chains. The outstanding solubility
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Fig. 4 WAXD patterns of the
polymers 3aa-3bd
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of the polymers 3aa-3bd in organic solvents should arise from their amorphous
structures.

Thermal properties

The thermal behavior of the polyamides containing both sulfone linkages and
cardo groups was investigated with DSC and TGA, and the results are provided
in Table 4. Figure 5 presents DSC traces of polymers 3aa-3bd. It was evident
that there were no melting endothermic peaks on their DSC traces, which reveal-
ing very little crystalline structures. The results of DSC analysis were in accord-
ance with the WAXD measurements of the polymers 3aa-3bd. The polymers
3aa-3bd had higher glass transition temperatures (7,) between 241 and 283 °C
owing to the presence of strong polar sulfone linkages and rigid cardo groups in
the polymer chain. In general, the polymers 3aa-3ad derived from aromatic dii-
odide 1a exhibited relatively lower T, values of 241-254 °C due to the existence
of higher content of flexible ether linkages, while polymers 3ba-3bd derived

fabled Themal poperies o poymer 7,00 10001000 R/ 00
3aa 242 448 477 63
3ab 245 453 491 58
3ac 254 438 494 54
3ad 241 475 505 47
3ba 283 444 494 56
3bb 280 471 498 59
3bc 265 440 486 52
3bd 256 447 480 55

Ty the decomposition temperature at 5% weight loss
bT,, the decomposition temperature at 10% weight loss

‘R,, residual weight retention at 800 °C in nitrogen
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Fig.5 DSC curves of the poly-
mers 3aa-3bd
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from aromatic diiodide 1b displayed relatively higher T, values of 256-283 °C
owing to the presence of higher content of strong polar sulfone linkages. In addi-
tion, polymers 3ba and 3bb displayed high 7, values of 280-283 °C, which may
be attributed to the combined effects of higher content of strong polar sulfone
linkages and more rigid fluorene cardo groups in the polymer backbone, which
resulted in an increase in the interaction of polymer chains.

As seen from Table 4, the design of aromatic polyamides with the incorpora-
tion of both polar sulfone linkages and bulky cardo groups imparts not only out-
standing solubility but also high thermal stability. From TGA traces of the poly-
mers 3aa-3bd shown in Fig. 6, we found that these polyamides did not exhibit
significant weight losses before 425 °C in nitrogen. However, when the tempera-
ture was over 450 °C, a rapid thermal decomposition reaction occurred. Polymers
3aa-3bd had the temperatures at 5 and 10% weight loss in the range of 438-475
and 477-505 °C, respectively, in nitrogen. In addition, the polyamides 3aa—-3bd
remained 47-63% of original weight at 800 °C in nitrogen.

Fig.6 TGA curves of the poly-
mers 3aa-3bd
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Mechanical properties

Polyamides 3aa-3bd could be easily converted into transparent, strong, and flex-
ible polymer films via casting their DMAc solutions (15 wt% solid content) on glass
plates, followed by evaporating DMAc and drying at 110 °C for 2 h, at 170 °C for
1 h, and at 190 °C in vacuo for 2 h. The unoriented cardo poly(ether sulfone amide)
films were then utilized to measure the mechanical properties, and the results are
given in Table 5. The tensile strengths, tensile moduli, and elongations at break-
age of these polyamide films were found to be in the range of 78.8-84.4 MPa,
2.08-2.57 GPa and 10.2-12.5%, respectively. Polymer 3ad derived from 1a and
2d exhibited the lowest tensile strength and tensile modulus due to the presence
of higher content of flexible ether linkages and bulky CF; groups, which resulted
in a decrease in the interaction of polymer chains. In contrast, polymer 3ba based
on 1b and 2a showed the highest tensile strength and tensile modulus owing to the
existence of higher content of strong polar sulfone linkages and more rigid fluorene
cardo groups, which led to an increase in the interaction of polymer chains.

Optical properties

The optical transparency of these polymer films with thickness of 20-25 pm was
evaluated by using UV—vis spectroscopy, and their UV—vis spectra are illustrated in
Fig. 7. The transmittances of the polymer films were measured at the wavelengths
ranging from 300 to 800 nm, and their transmittances at several wavelengths are
provided in Table 6. As seen from Table 6, the cut-off wavelengths of these new
polyamide films were ranged from 338 to 368 nm and the 80% transmission wave-
lengths were in the range of 439-536 nm. In comparison, the polyamide films
derived from aromatic diiodide 1a showed slightly shorter cut-off wavelengths than
the corresponding ones derived from aromatic diiodide 1b due to the presence of
relatively higher content of flexible ether linkages in the polymers 3aa-3ad, which
led to a decrease in the interaction of polymer chains. Polymer 3ad showed the
best transparency with cut-off wavelength at 338 nm and transmittance of 80% at
439 nm owing to the combined effects of high content of ether linkages and fluori-
nated substituents in the polymer backbone. This can be explained by the decrease

Table 5 Mechanical properties

of the polyamides 3aa-3bd Polymer ;l“l\e/lr;;l)e strength ;Férl;zi)le modulus il(];rrl;g:lt(i(()% |
3aa 81.9 2.25 11.7
3ab 81.1 2.17 12.0
3ac 80.6 2.20 12.3
3ad 78.8 2.08 12.5
3ba 84.4 2.57 10.2
3bb 82.2 2.32 11.4
3be 82.7 2.36 11.2
3bd 81.3 2.24 11.8
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Fig.7 UV-vis spectra of the 100 5
polyamide films
804
3
Q 604 3bc__
c
I
=
£ 40
[=
o
[t
20

0 ‘ . . T r )
300 400 500 600 700 800

Wavelength(nm)
Table 6 Optical properties of the polyamides 3aa—3bd
Sample A, * (nm) Transmittance (%) Ao rans’ (NM)  Refractive indices
400 (nm) 500 (nm) 600 (nm) n e N

3aa 342 62 88 92 456 1.6874 1.6815 1.6854
3ab 351 66 83 92 466 1.6835 1.6757 1.6809
3ac 359 45 77 90 518 1.6813 1.6749 1.6792
3ad 338 70 87 93 439 1.6995 1.6938 1.6976
3ba 368 33 73 89 536 1.6754 1.6682 1.6730
3bb 359 38 82 91 489 1.6778 1.6705 1.6754
3be 365 50 86 93 471 1.6806 1.6745 1.6786
3bd 366 45 85 92 470 1.6783  1.6715 1.6760

“Xeue cutoff wavelength

®As0es trans 80% transmission wavelength

nrg the in-plane refractive index at 632.8 nm at ambient temperature
9npp the out-of-plane refractive index at 632.8 nm at ambient temperature
¢Average refractive index

Ny = [Qrpg? +npy D312

in the intermolecular interaction caused by the presence of high content of flexible
ether linkages and bulky CF; groups. The optical transmittance of these polyam-
ides is generally below 80% at 450 nm, which is lower than that of the polyimides
containing spirobifluorene structure in the side chain [46]. As shown in Table 6, the
in-plane (npg) and out-of-plane (ny,,) refractive indices of the polymer films deter-
mined at 632.8 nm ranged from 1.6754 to 1.6995 and 1.6682 to 1.6938, respectively.
All the polymer films exhibited higher npg values than npy,, revealing that the mac-
romolecular chains were preferentially aligned in the film plane. The average refrac-
tive index values (n,y) of these polymers ranged between 1.6730 and 1.6976. Poly-
mer 3ad displayed the highest n,y, value among the prepared polymers due to the
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presence of both high content of flexible ether linkages and bulky CF; groups in the
polymer chain.

Palladium leaching and recycle of the catalyst

Recyclability and palladium leaching of this immobilized palladium catalyst were
evaluated in the carbonylation and condensation reaction of aromatic diiodide 1a, car-
bon monoxide, and aromatic diamine 2a for the synthesis of polymer 3aa under the
optimal polycondensation reaction conditions. After completion of the carbonylative
polymerization reaction, the reaction solution was further diluted with DMAc and the
immobilized palladium catalyst could be conveniently separated from polymer 3aa by
simply placing a magnet near the reaction tube. The content of residual palladium in
polymer 3aa was measured to be 5.8 ppm by ICP-AES analysis. Thus, the leaching of
palladium species into the desired polymer was not absolutely ruled out, but appeared
to be negligible. After being washed with DMAc (2 mL), deionized water (2 mL), ace-
tone (2 mL), and dried at 100 °C in vacuo for 2 h, the recovered catalyst was directly
utilized in the next polymerization cycle. The recovered palladium catalyst was then
employed for seven consecutive polymerization cycles with fresh monomers under the
identical polymerization conditions, and the results are provided in Table 7. As seen
from Table 7, almost consistent #;,,, value and the yield of polymer 3aa were observed
in eight consecutive polymerization cycles, which implying that 2P-Fe;O0,@SiO,-
PdCl, could be reused at least 7 times without any apparent loss of catalytic efficiency.
The recycle rate of the catalyst was over 98% for the eight consecutive polymerization
cycles. As seen from the TEM images of the recovered palladium catalyst (Fig. 8b)
and the fresh one (Fig. 8a), no obvious differences in the morphology and dispersion
of particles were observed, indicating that no palladium black was formed during the
process of polycondensation. The excellent reusability and negligible Pd leaching of
2P-Fe;0,@Si0,-PdCl, might be mainly due to the stronger chelating action between
palladium atom and the bidentate phosphine ligand.

Table 7 Recycling of the 2P-Fe;0,@SiO,-PdCl, catalyst

Entry Pdcata- Yield Minn" Recycle Entry Pdcata- Yield Minh" Recycle
lyst (%) (dL/g) rate of lyst (%) (dL/g) rate of Pd
Pd (%) (%)
1 Fresh 95 0.77 99 5 Recycle 93 0.75 98
4
2 Recycle 95 0.76 99 6 Recycle 94 0.74 99
1 5
3 Recycle 94 0.77 98 7 Recycle 95 0.75 99
2 6
4 Recycle 95 0.75 99 8 Recycle 94 0.74 98
3 7

Polymerization conditions: 1a (0.5 mmol), 2a (0.51 mmol), DBU (1.2 mmol), DMAc (2.5 mL), and
2P-Fe;0,@8Si0,-PdCl, (0.03 mmol) at 120 °C under 1 atm of CO for 12 h

“Inherent viscosity determined at a concentration of 0.5 g/dL in DMAc at 30 °C
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——

Fig.8 TEM images of the fresh 2P-Fe;0,@SiO,-PdCl, (a) and recycled 2P-Fe;0,@SiO,-PdCl, after
eighth run (b)

Conclusion

A new, efficient and practical synthetic route to aromatic polyamides containing both
sulfone linkages and cardo groups with higher molecular weights has been devel-
oped through heterogeneous palladium-catalyzed carbonylation and condensation
reaction of aromatic diiodides bearing ether sulfone linkages, carbon monoxide, and
aromatic diamines with cardo groups by using a bidentate phosphine ligand-modi-
fied magnetic nanoparticles-anchored palladium complex [2P-Fe;0,@SiO,-PdCl,]
as the catalyst. The resulting cardo poly(ether sulfone amide)s displayed outstanding
solubility and high thermal stability with the glass transition temperatures between
241 and 283 °C, the temperatures at 5% weight loss ranging from 438 to 475 °C in
nitrogen. These polymer films exhibited good mechanical properties with tensile
strengths of 78.8-84.4 MPa, tensile moduli of 2.08-2.57 GPa, elongations at break-
age of 10.2-12.5%, and optically high transparency with cut-off wavelengths in the
range of 338-368 nm. More importantly, the 2P-Fe;0,@Si0O,-PdCl, catalyst can be
facilely separated from the desired polymer simply by placing a magnet near the reac-
tion tube and reused at least seven times without any apparent decrease in the catalytic
activity, thus making the current methodology economically and environmentally more
acceptable.
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