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Abstract

Two series of new triptycene-containing poly(ester-amide)s and poly(ester-imide)s were prepared from 1,4-bis(3-
aminobenzoyloxy)triptycene with various aromatic dicarboxylic acids and dianhydrides, respectively. The synthesis of the
poly(ester-amide)s was achieved by the phosphorylation polyamidation reaction by means of triphenyl phosphite and pyridine,
and the synthesis of the poly(ester-imide)s included ring-opening polyaddition to give poly(amic acid)s followed by thermal
imidization and chemical imidization to polyimides. All the poly(ester-amide)s and most of the poly(ester-imide)s presented
good solubility in many organic solvents and could be solution-cast into transparent and flexible films. These poly(ester-amide)s
and poly(ester-imide)s displayed discemible glass-transition temperatures (7,s) between 242 and 298 °C in the DSC traces and
showed moderate thermal stability with 10 wt% loss temperatures above 464 °C in nitrogen or air. These highly optically
transparent polymer films possess an ultraviolet-visible absorption cut-off wavelength (A¢) down to 344 nm. 1,4-Bis(4-
aminobenzoyloxy)triptycene was also synthesized and used for polymer synthesis; however, less favorable results were obtained.
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Introduction

Aromatic polyamides and polyimides are well known as high-
performance polymers because of their outstanding thermal
stability, high mechanical strength and modulus, and superior
chemical resistance [1-6]. Noted examples include Kapton
polyimide film and Nomex and Kevlar aramid fibers devel-
oped by Dupont in 1960s. They have a variety of applications
in many different areas, including automotive, aerospace, de-
fense, electronics, medical, and sport and safety equipment.
However, most of the conventional aromatic polyamides and
polyimides suffer processing difficulty due to their high melt-
ing temperatures (7,,) or glass-transition temperature (7,) and
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limited solubility in most organic solvents, which are caused
by their rigid backbones and strong interchain interactions. To
improve their solution and melting processability, various at-
tempts have been made via structural modifications [7-9].
One of the common approaches is the introduction of flexible
linkages and/or packing-disruptive bulky groups in the poly-
amide and polyimide backbones [10-15]. In addition, most of
aromatic polyimides usually show considerable coloration
from pale yellow to dark brown, which hinders their use in
flexible substrate for display device. In general, aromatic
polyimides are thought to absorb in the visible region through
formation of a charge-transfer complex (CTC) between the
electron-donating diamine component and the electron-
accepting dianhydride component [16, 17]. A common strat-
egy on obtaining light-colored or colorless polyimide films is
to use of dianhydrides with lower electron-accepting ability
and diamines with lower electron-donating ability that can
mitigate intra- and intermolecular CTC effect [18].
Triptycene is a rigid, bulky, three-dimensional molecular
unit consisting of three benzene blades protruding from a sin-
gle hinge [19, 20]. One of the structural features of triptycene
is the intrinsic space between the benzene blades, known as
the internal free volume. The use of triptycene moiety as a
rigid and shape-persistent component is a method to introduce
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molecular scale free volume into a polymer film. Polymers
with triptycene moiety might be interesting low-k dielectric
materials owing to the high degree of internal free volume
[21]. Additionally, when incorporated into polyimide back-
bones, the triptycene unit may hinder chain packing, resulting
in tunable high fractional free volume for gas separation
[22—24]. It has also been demonstrated that incorporation of
both ether and triptycene units into the polymers backbones
may enhance the solubility and processability of aromatic
polyamides and polyimides without much loss in thermal sta-
bility [25-29]. Because of the unique structural feature of
triptycene, synthesizing and charactering new polymers bear-
ing triptycene moieties in the backbone are interesting enough
to be investigated further. This work deals with the synthesis
and characterization of two new triptycene bis(ester amine)s,
namely 1,4-bis(3-aminobenzoyloxy)triptycene and 1,4-bis(4-
aminobenzoyloxy)triptycene, and their derived poly(ester-am-
ide)s and poly(ester-imide)s. It was expected that incorpora-
tion of three-dimensional triptycene moiety together with the
ester linkage into the polymer backbone could improve the
solubility, decrease the color intensity, and preserve moderate
thermal stability.

Experimental
Materials

1,4-Dihydroxytriptycene (1) (mp = 340-342 °C) was synthe-
sized according to a two-step synthetic route reported in the
literature [25]. Anthracene (Alfa Aesar), p-benzoquinone
(Acros), 3-nitrobenzoyl chloride (Acros), 4-nitrobenzoyl chlo-
ride (TCI), triethylamine (NEt;, Acros), 10% palladium on
charcoal (Pd/C, Acros), triphenyl phosphite (TPP, TCI) and
acetic anhydride (Acros) were used as received from the sup-
plier. N,N-Dimethylacetamide (DMAc, Tedia), N,N-
dimethylformamide (DMF, Tedia), pyridine (Py, Wako) and
N-methyl-2-pyrrolidone (NMP, Tedia) were dried over calci-
um hydride for 24 h, distilled under reduced pressure, and
stored over 4 A molecular sieves in sealed bottles.
Commercially obtained calcium chloride (CaCl,) was dried
under vacuum at 180 °C for 3 h prior to use. The aromatic
dicarboxylic acid monomers including terephthalic acid
(4a, Wako), 4,4'-biphenyldicarboxylic acid (4b,
Aldrich), 4,4'-dicarboxydiphenyl ether (4¢, TCI), bis(4-
carboxyphenyl) sulfone (4d, TCI) and 2,2-bis(4-
carboxyphenyl)hexafluoropropane (4e, TCI) were used
as received from commercial sources. The aromatic
tetracarboxylic dianhydrides including pyromellitic
dianhydride (PMDA; 6a, TCI), 3,3’,4,4'-
biphenyltetracarboxylic dianhydride (BPDA; 6b, Oxychem),
4,4'-oxydiphthalic dianhydride (OPDA; 6¢, Oxychem) and
2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride
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(6FDA; 6d, Hoechst Celanese) were purified by dehydration
at 250 °C in vacuo for 3 h. Other reagents and solvents were
used as received from commercial sources.

Monomer synthesis

1,4-Bis(3-nitrobenzoyloxy)triptycene (2) and 1,4-bis(4-
nitrobenzoyloxy)triptycene (2') In a 250 mL three-neck
round-bottom flask equipped with a stirring bar and a nitrogen
gas inlet tube, 5.0 g (0.017 mol) of 1,4-dihydroxytriptycene
(1) and 5.1 mL (0.037 mol) of triethylamine were dissolves in
100 mL of dried DMAc. A solution of 6.8 g (0.037 mol) of 3-
nitrobenzoyl chloride in 20 mL DMAc was then added
dropwise over a period of about 1 h. After complete addition,
the reaction mixture was stirred at 60 °C for 12 h. The reaction
mixture was then poured into 600 mL of water, and the pre-
cipitated product was collected by filtration, washed thor-
oughly by water and methanol, and dried in vacuum at
80 °C to give 8.35 g of the diester-dinitro compound 2 as a
white powder in 84% yield.

IR (KBr): 1749 cm™ ! (C=0 stretch), 1522, 1348 cm '
(-NO, stretch), 1215, 1053 cm™ ! (C— O stretch).

Similarly, diester-dinitro compound 2’ was synthesized
from the condensation of 1,4-dihydroxytriptycene and 4-
nitrobenzoyl chloride as white powder in 74% yield. IR
(KBr): 1746 cm' (C=0O stretch), 1523, 1345 cm ' (-NO,
stretch), 1208, 1053 cm ' (C — O stretch).

02N—©—-ﬁ—o % o—f‘—-<i>—mo2
PAS

1,4-Bis(3-aminobenzoyloxy)triptycene (3) and 1,4-bis(4-
aminobenzoyloxy)triptycene (3') In a 100 mL three-neck
round-bottom flask equipped with a stirring bar, 1.3 g
(0.002 mol) of diester-dinitro compound 2 and 0.15 g of
10% Pd/C were dispersed in 40 mL of DMF. The suspension
solution was stirred at room temperature under a hydrogen
atmosphere until the theoretical amount of hydrogen was
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consumed. The time taken to reach this stage was about 3 days.
The solution was then filtered to remove Pd/C, and the obtain-
ed filtrate was poured into 250 mL of stirring water to give a
white precipitate. The product was collected by filtration and
dried in vacuum at 80 °C to give 0.77 g of bis(ester-amine) 3
as a white powder in 66% yield.

IR (KBr): 3467, 3372 cm ' (amine —NH, stretch),
1721 em™! (ester C=0 stretch), 1204, 1085 cm’! (ester C —
O stretch). '"H NMR (600 MHz, DMSO-dj, 8, ppm): 5.56 (s,
4H, —NH,), 5.62 (s, 2H, Hy,), 6.97 (dd, J=7.7, 2.0 Hz, 2H,
Hy), 7.00 (s, 2H, H,), 7.02 (dd, /= 5.4, 3.1 Hz,4H, H,), 7.32 (t,
J=17.7Hz, 2H, H,), 7.40-7.50 (m, 6H, Hy+ Hy), 7.51 (t, /=
2.0 Hz, 2H, H,). >C NMR (150 MHz, DMSO-dg, §, ppm):
47.6 (CH, 114.7 (C"), 117.2 (C%), 119.2 (C'), 120.0 (C"),
124.1 (C7), 125.3 (C%), 129.1 (C?), 129.5 (C'°), 139.1 (C¥),
143.1 (C'), 144.1 (C°), 149.3 (C?), 165.1 (C=0). ESI-MS:
525.18 (M +H)*; Calculated exact mass for C34H,4N,O4 =
524.17.

N NH
Hi 13 e “
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By a similar procedure, bis(ester-amine) 3’ was synthesized
from hydrogen Pd/C-catalyzed reduction of diester-dinitro
compound 2’ as a gray powder in 66% yield. IR (KBr):
3464, 3366 cm ! (amine —NH, stretch), 1720 cm ! (ester
C=0 stretch), 1200, 1058 ¢cm ! (ester C — O stretch). 'H
NMR (600 MHz, DMSO-dj, 8, ppm): 5.57 (s, 2H, Hy), 6.24
(s, 4H, —NH,), 6.75 (d, /= 8.7 Hz, 4H, Hy), 6.90 (s, 2H, H,),
7.00 (dd, J=5.4, 3.1 Hz, 4H, H,), 7.38 (dd, /=54, 3.1 Hz,
4H, Hy), 7.96, (d, J=8.7 Hz, 4H, H,). ESI-MS: 525.18 (M +
H)*; Calculated exact mass for C5,H,4N,0, = 524.17.

Polymer synthesis

Synthesis of poly(ester-amide)s The synthesis of poly(ester-
amide) 5a was used as an example to illustrate the general
synthetic procedure used to produce the polyamides. A

mixture of 0.314 g (0.60 mmol) of bis(ester amine) 3,
0.099 g (0.60 mmol) of terephthalic acid (4a), 0.15 g of anhy-
drous calcium chloride, 0.7 mL of triphenyl phosphite (TPP),
0.15 mL of pyridine, and 0.6 mL of NMP was heated with
stirring at 120 °C for 3 h. The polymerization proceeded ho-
mogeneously throughout the reaction and afforded clear, high-
ly viscous polymer solution. The resulting viscous solution
was poured slowly with stirring into 160 mL of methanol,
giving rise to a long-fiber precipitate. The precipitated product
was collected by filtration, washed repeatedly with methanol
and hot water, and dried to give a quantitative yield of poly(-
ester-amide) 5a. The inherent viscosity of polymer was 0.51
dL/g, measured in DMAc (containing 5 wt% LiCl) at a con-
centration of 0.5 g/dL at 30 °C.

IR spectrum of 5a (film): 3316 cm ' (amide N — H stretch),
1735 cm ! (ester C=0 stretch), 1664 cm ' (amide C=0
stretch), 1196, 1061 cm! (ester C — O stretch). '"H NMR
(600 MHz, DMSO-dg, 6, ppm): 5.74 (2H, Hy), 7.04 (4H,
H.), 7.10 (2H, H,), 7.46 (4H, Hy), 7.73 (2H, H,), 8.09 (2H,
Hy), 8.24 (4H, Hj), 8.34 (2H, Hy), 8.79 (2H, H,), 10.80 (2H,
amide protons).

Synthesis of poly(ester-imide)s The poly(ester-imide)s were
prepared from various tetracarboxylic dianhydrides (PMDA,
BPDA, OPDA or 6FDA) with bis(ester amine)s 3 and 3’,
respectively, by a conventional two-step method via thermal
or chemical imidization reaction. The synthesis of poly(ester-
imide) 7d is described as an example. Into a solution of
bis(ester amine) 3 (0.5412 g, 1 mmol) in 9.5 mL anhydrous
DMACc in a 50 mL round-bottom flask, 0.4588 g (1 mmol) of
6FDA (6d) was added in one portion. Thus, the solid content
of the solution is approximately 10 wt%. The mixture was
stirred at room temperature for about 18 h to yield a viscous
poly(ester-amic acid) solution with an inherent viscosity of
0.71 dL/g, measured in DMAc at concentration of 0.50 g/dL
at 30 °C. The poly(ester-amic acid) film was obtained by
casting from the reaction polymer solution onto a glass Petri
dish and drying at 90 °C overnight. The poly(ester-amid acid)
in the form of solid film was converted to the poly(ester-im-
ide) film by successive heating at 150 °C for 30 min, 200 °C
for 30 min, and 250 °C for 1 h. For chemical imidization
method, 2 mL of acetic anhydride and 1 mL of pyridine were
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added to the poly(ester-amic acid) solution obtained by a sim-
ilar process as above, and the mixture was heated at 100 °C for
1 h to effect a complete imidization. The homogenous poly-
mer solution was poured slowly into an excess of methanol
giving rise to a white precipitate that was collected by filtra-
tion, washed thoroughly with hot water and methanol, and
dried. The inherent viscosity of the resulting poly(ester-imide)
7d was 0.47 dL/g, measured in DMAc at a concentration of
0.5 g/dL at 30 °C. A polymer solution was made by the dis-
solution of about 0.4 g of the poly(ester-imide) sample in
4 mL of hot DMAc. The homogeneous solution was poured
into a glass Petri dish, which was placed in a 90 °C oven
overnight for the slow release of solvent, and then the film
was stripped off from the glass substrate and further dried in
vacuum at 160 °C for 6 h.

The IR spectrum of 7d (film) exhibited characteristic imide
and ester absorption bands at 1797 cm ™' (asymmetrical imide
C=0 stretch) and 1734 cm’! (symmetrical imide and ester
C=0 stretch), 1202, 1115 cm! (ester C— O stretch). 'H
NMR (600 MHz, DMSO-dq, 0, ppm): 5.74 (s, 2H, Hy), 6.98
(br, 4H, H,), 7.07 (s, 2H, H,), 7.42 (m, 4H, Hy), 7.81 (s, 2H,
Hy), 7.87 (t,J=17.7Hz, 2H, Hy), 7.92 (d, J=7.7 Hz, 2H, Hy),
8.01(d,J=7.7 Hz, 2H, H;), 8.25 (d, /= 8.1 Hz, 2H, H;), 8.38
(d, J=7.7 Hz, 2H, Hy), 8.41 (s, 2H, H,).

kF3c CF3

.,ﬁ@r

-n

Measurements

Infrared (IR) spectra were recorded on a Horiba FT-720 FT-
IR spectrometer. '"H spectra were measured on a Bruker
Avance III HD-600 MHz NMR spectrometer with
tetramethylsilane (TMS) as an internal standard. Mass spec-
troscopy was conducted on a JEOL JMS-700 mass spec-
trometer. The inherent viscosities were determined with a
Cannon-Fenske viscometer at 30 °C. Molecular weights of
the synthesized polymers were determined by gel perme-
ation chromatography (GPC) using a polystyrene standard
at 50 °C in NMP. The GPC apparatus is composed of a Jasco
model PU-2080 HPLC pump, a Jasco model RI-2031 RI
detector, and three Shodex GPC columns connected in se-
ries. Thermogravimetric analysis (TGA) was performed with
a Perkin-Elmer Pyris 1 TGA. Experiments were carried out
on approximately 3—5 mg of fully dried polymer film sam-
ples heated in flowing nitrogen or air (flow rate =20 cm®/
min) at a heating rate of 20 °C/min. DSC analyses were
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performed on a Perkin-Elmer DSC 4000 at a scan rate of
20 °C/min in flowing nitrogen. Ultraviolet-visible (UV-vis)
spectra of the polymer films were recorded on an Agilent
8453 UV-visible spectrometer. Colorimetric data of the poly-
mer films were measured on an Admesy Brontes
colorimeter.

Results and discussion
Monomer synthesis

The bis(ester amine)s 3 and 3’ were synthesized via the
synthetic route shown in Scheme 1. According to a re-
ported method [25], 1,4-dihydroxytriptycene (1) was ob-
tained in good yield starting from the Diels-Alder reaction
of p-benzoquinone and anthracene and subsequent rear-
rangement reaction using acetic acid/HBr as catalyst. The
intermediate diester-dinitro compounds 2 and 2’ were pre-
pared by condensation of 1 with 4-nitrobenzoyl chloride
and 3-nitrobenzoyl chloride, respectively, in DMAc in the
presence of triethylamine. Bis(ester amine)s 3 and 3’ were
prepared by the hydrogen Pd/C-catalyzed reduction of the
diester-dinitro compounds 2 and 2, respectively. IR, 'H
NMR and "*C NMR spectroscopic techniques were used
to identify the structures of the intermediate diester-
dinitro compounds and the target bis(ester amine)
monomers.

Fig. S1 (Supporting Information) illustrates FT-IR spec-
tra of all the synthesized compounds. The IR spectrum of
compound 1 gives rise to a broad, strong absorption at
about 3270 cm ' ascribed to the O — H stretching vibration.
The diester-dinitro compounds 2 and 2’ show the
characterisic absorption of nitro groups at around 1522
and 1348 cm™' (-NO, asymmetric and symmetric
stretching). After reduction, the characteristic absorptions
of the nitro group disappear and the amino group shows the
typical -NH, stretching absorption pair in the region of
3300 to 3350 cm™' as shown in the IR spectra of
bis(ester-amine)s 3 and 3’. Conversion of a nitro group to
an amino group shifts the C=0 frequency from about 1750
to 1720 cm™'. All the diester-dinitro compounds and
bis(ester amine)s exhibit C— O stretching absorptions in
the 10001300 cm™ ' range.

The 'H NMR, B¢ NMR, and two-dimensional (2-D)
NMR spectra of the bis(ester-amine) monomer 3 are com-
piled in Figs. 1 and 2. The resonance signal at 5.56 ppm ia
ascribed to the aryl primary amino protons. The
assignmernts of each proton and carbon are also given in
the figures, and all the NMR spectroscopic data are con-
sistent with the proposed mlecular structure of 3. Fig. S2
(Supporting Information) reproduces the "H NMR and H
—H COSY spectra of bis(ester-amine) 3’. The amino
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Scheme 1 Synthetic route to the bis(ester amine) monomers 3 and 3’

protons of 3’ resonate at a more downfield (&y; = 6.24 ppm)
than those of meta-isomer 3 because the electron-
withdrawing ester carbonyl group is located at the para
position to the amino group. Thus, the nucleophilicity
(or basicity) for the amino groups of bis(ester-amine) 3
was expected to be stronger than that of its para-isomer
3’. In addition, mass analysis results of these two bis(ester-
amine) monomers are consistent with the calculated exact
mass.

Synthesis of poly(ester-amide)s

According to the phosphorylation polyamidation technique
described by Yamazaki and co-workers [30], two series of
novel aromatic poly(ester-amide)s 5a —5e and 5a’ —5’e
were synthesized from the polycondensation reactions of
bis(ester amine) 3 and 3’, respectively, with five aromatic
dicarboxylic acids 4a —4e by using triphenyl phosphite
(TPP) and pyridine as condensing agents (Scheme 2). The
polymerization proceeded homogeneously throughout the
reaction and afforded a clear, highly viscous polymer solu-
tion. All the 5 series polymers precipitated in a tough, fiber-
like form when the resulting polymer solutions were slowly
poured under stirring into methanol. However, the 5' series
polymers precipitated in a powder form. These two series of
poly(ester-amide)s had inherent viscosities in the range of
0.51-0.57 dL/g for 5a—5e and 0.29-0.44 dL/g for 5’a—
5’e, as shown in Table 1. The molecular weights of the syn-
thesized poly(ester-amide)s were measured by GPC in NMP,
and the relevant data are shown in Table 3. The number-
average molecular weights (M) and weight-average weights
(M,,) were recorded in the range of 20,600~28,100 and

o o
oo S T e By
rzcu—E—Q BN, ‘

NO, HoN NH,
o o
Ao
PdIC + H,
—_—
DMF

31,900~46,100 for 5a — 5e, respectively, and 7900~14,300
and 10,000~24,100 for 5°a—5’e, respectively, relative to
polystyrene standards. All the meta-substituted poly(ester-
amide)s can be solution-cast into flexible and strong films
(as shown in inset of Scheme 2), indicating the formation of
high molecular weight polymers. However, the para-
substituted poly(ester-amide) films embrittled into pieces
upon solution casting, possibly because of lower molecular
weights. This result can be attributed to the lower nucleophi-
licity of the para-substituted bis(ester-amine) 3’ as men-
tioned above.

The structures of the poly(ester-amide)s were confirmed by
IR and NMR spectroscopy. Typical IR spectra for poly(ester-
amide)s Sa and S5a’ are presented in Fig. S3 (Supporting
Information). The characteristic absorption bands at around
3316 or 3367 cm ' (amide N —H stretch) and 1664 or
1675 cm ' (amide carbonyl stretch) confirm the formation
of main chain amide linkages of 5a and 5a’. The '"H NMR
and H-H COSY spectra of poly(ester-amide) 5a in DMSO-dg
are depicted in Fig. 3. The resonance signal at 10.56 ppm is
ascribed to the amide protons. All the other resonance peaks
agree well with the repeated unit structure of this poly(ester-
amide).

Synthesis of poly(ester-imide)s

A series of triptycene-containing poly(ester-imide)s 7a —
7d were prepared from bis(ester-amine) 3 with various ar-
omatic dianhydrides 6a—6d by a conventional two-step
procedure via the formation of poly(ester-amic acid)s,
followed by thermal or chemical cyclodehydration
(Scheme 3). As shown in Table 2, the poly(ester-amic acid)
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Fig. 1 (a) "HNMR and (b) H-H a
COSY spectra of bis(ester-amine)
3 in DMSO-ds

c -NH,

e g -

precursors had inherent viscosities in the range of 0.41—
0.76 dL/g. The poly(ester-amic acid)s could be solution-
cast into flexible thin films; however, all the poly(ester-
amic acid) films embrittled during thermal cyclodehydra-
tion. Therefore, the poly(ester-amic acid) precursors were
chemically dehydrated to the poly(ester-imide)s by treat-
ment with acetic anhydride in the presence of pyridine.
The poly(ester-imide)s 7a—C and 7b—C derived from
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PMDA and BPDA, respectively, precipitated during chem-
ical imidization and were insoluble in available organic
solvents, possibly because of the structural rigidity of the
dianhydride components. In contrast, the poly(ester-im-
ide)s 7¢—C and 7d-C were soluble in the reaction medium
and their solutions could be directly cast into transparent,
flexible, and strong films, indicative of the formation of
high-molecular-weight polymers. All the reactions of
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Fig. 2 (a) >*C NMR and (b) C-H

HMQC spectra of bis(ester- a
amine) 3 in DMSO-dg
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bis(ester-amine) 3’ with dianhydrides 6a — 6d produce low
molecular weight poly(ester-amic acid)s which could not
afford flexible and free-standing films. Therefore, no at-
tempts were made to the preparation of poly(ester-imide)s
from 3’. The poly(ester-imide)s soluble in NMP were char-
acterized by GPC, and the relevant data are showed in

.0 6.9 ppm

Table 3. The number-average molecular weights (M,) and
weight-average weights (M,,) were recorded in the range of
12,000~21,100 and 17,400~37,200, respectively, relative
to polystyrene standards. The poly(ester-imide)s generated
by the thermal imidization method generally exhibited
slightly lower inhererent viscosity and molecular weight
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Scheme 2 Synthesis of poly(ester-amide)s and the cast films of 5a — 5e from DMAc
Table 1 Inherent viscosity and
solubility behavior of poly(ester- Polymer code TMinh (dL/g)* Solubility in various solvents™ ©

amide)s
NMP DMAc DMF DMSO m-Cresol THF

Sa 0.51 + + + + -
Sb 0.51 + + + + -
Sc 0.53 + + + + + +
5d 0.54 + + + + + +h
Se 0.57 + + + + + +
5’a 0.29 + + + + -
5D - - - - - - -
5’c 0.44 + + + + + -
5°d 0.34 + + + + +h -
S’ 0.33 + + + + + +

* Inherent viscosity measured at a concentration of 0.5 dL/g in DMAc-5 wt% LiCl at 30 °C

®Solvents: NMP: N-methyl-2-pyrrolidone; DMAc: N, N-dimethylacetamide; DMF: N,N-dimethylformamide;
DMSO: dimethyl sulfoxide; THF: tetrahydrofuran

“The qualitative solubility was tested with 10 mg of a sample in 1 mL of stirred solvent. +, soluble at room
temperature; +h, soluble on heating; —, insoluble even on heating

9 Insoluble in DMAc-5 wt% LiCl
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Fig. 3 (a) "HNMR and (b) H-H
COSY spectra of poly(ester-
amide) 5a in DMSO-d,
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than those obtained by the chemical imidization method.
This implies that the ester linkages in the polymer chain
may be hydrolyzed at elevated temperatures during thermal
imidization.

Structural features of the poly(ester-imide)s were charac-
terized by IR and NMR analysis. A typical set of IR spectral of
poly(ester-imide) 7d and it poly(ester-amic acid) precursor are

illustrated in Fig. S4. Poly(ester-imide) 7d exhibited charac-
teristic imide group absorptions around 1795 and 1735 cm ™'
(typical of imide carbonyl asymmetrical and symmetrical
stretch), 1200 and 1115 cm ! (ester C — O stretch). The ester
carbonyl absorption was assumed to be buried in the strong
imide carbonyl symmetrical stretch absorption at 1735 cm .
"H NMR and H-H COSY NMR spectra of poly(ester-imide)
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Scheme 3 Synthesis of poly(ester-imide)s 7a — 7d and their cast films from DMAc

7d in DMSO-d are presented in Fig. 4. All the aromatic
protons resonate in the region of & 5.5-8.5 ppm.
Assignments of each proton are in good agreement with the
structure of the repeating unit of 7d.

Table2 Inherent viscosity and solubility behavior of poly(ester-imide)s
Polymer T (dL/g)°  Solubility in various solvents® ¢
code®
PEAA PEI NMP DMAc DMF DMSO m- THF
Cresol
7a-T 044 - +h - - - - -
7a—C 044 - +h - - - - -
70-T  0.76 - - - - - +h -
70-C  0.76 - - - - +h -
7c-T 041 028 +h
7c-C 041 031 +h

+h +h +h
+h +h +h

7¢-T 0.71 026
7¢-C 071 047

+ o+ o+ o+
+ o+ o+ o+
+ + + +

4T = prepared by thermal imidization, -C = by chemical imidization

® Inherent viscosity measured at a concentration of 0.5 dL/g in DMAc at
30 °C. PEAA = poly(ester-amic acid); PEI = poly(ester-imide)
“Solvents: NMP: N-methyl-2-pyrrolidone; DMAc:
N, N-dimethylacetamide; DMF: N, N-dimethylformamide; DMSO: di-
methyl sulfoxide; THEF: tetrahydrofuran

4The qualitative solubility was tested with 10 mg of a sample in 1 mL of
stirred solvent. +, soluble at room temperature; +h, soluble on heating; —,
insoluble even on heating

¢ Insoluble in DMAc

@ Springer

Polymer properties

The qualitative solubility properties of the polymers in several
organic solvents at 10% (w/v) and the inherent viscosities are

Table 3  GPC data of the polymers
Polymer code M2 M2 PDI®
Sa 24,600 43,700 1.78
5b 25,400 43,100 1.70
Sc 24,900 43,200 1.73
5d 25,900 44,800 1.73
Se 28,100 46,100 1.64
5’a 9500 14,800 1.56
5’b = - -
5’c 14,300 24,100 1.69
5d 13,200 21,700 1.64
S’ 12,500 22,100 1.79
7a-T 15,800 26,200 1.66
7a—C 16,600 26,500 1.60
7o-T - - -
Tb-C - - -
7c-T 18,600 30,300 1.63
7cC 20,500 34,900 1.70
7d-T 14,200 23,000 1.62
7d-C 21,100 37,200 1.77

# Calibrated with polystyrene standards, using NMP as eluent at a con-
stant flow rate of 0.6 mL/min at 50 °C

®Polydispersity Index (M, /M,)
¢ Insoluble in NMP
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Fig. 4 (a) "HNMR and (b) H-H a
COSY spectra of poly(ester-
imide) 7d in DMSO-d

kF_-,C CF3
i

24SY

b
T T T T T
8.5 0 7.5 7.0 5.5 ppm
b e b
d
i h k ac
UK 1.
ppm
.6
b . e
.0
.2
.4
.6
.8
c 0 e 0
= o
2
4 - ] ]
.6
8
P t#
2 -]
48 o
+6
8.5 8.0 7.5 7.0 6.5 6.0 ppm

summarized at Table 1 and Table 2. All of the poly(ester-
amide)s Sa — Se presented good solubility; they were readily
soluble in highly polar solvents such as NMP, DMAc, DMF,
and DMSO at room temperature. Some of them were even
soluble in less polar m-cresol and THF at room temperature
or upon heating at 70 °C. In general, poly(ester-imide)s 7¢ and
7d showed a higher solubility than poly(ester-imide)s 7a and
7b because the former ones have a linking group between the
phthalimide units. In particular, 7d exhibited a very good sol-
ubility in several organic solvents because of the presence
of bulky hexafluoroisopropylidene (—C(CF;),—) fragment
in the polymer backbone which reduces the intermolecular

interactions and prevents the close packing of polymer
chain. The good solubility of these poly(ester-amide)s and
poly(ester-imide)s can be attributed to the presence of
three-dimensional triptycene units, together with the flexi-
ble segments along the polymer backbone. Therefore, the
excellent solubility makes these polymers potential candi-
dates for practical applications by simple solution casting
processes. The GPC data of these polymers are listed in
Table 3. All the 5’ series poly(ester-amide)s show a rela-
tively lower inherent viscosity and molecular weight than
their corresponding S series ones because of the lower nu-
cleophilicity of bis(ester amine) 3’.
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Table 4 Thermal properties of poly(ester-amide)s and poly(ester-
imide)s

Polymer code” T, (°C)* Ty at 10% weight loss (°C)° Char yield
(Wt%)"
In N, In air
Sa 285 490 472 66
5b 288 497 492 68
5c 242 489 473 62
5d 260 468 464 62
Se 261 486 470 62
Ta 298 516 502 54
7b 278 506 504 53
Tc 256 506 491 50
7d 272 512 492 55

#The polymer film samples were heated at 300 °C for 1 h before all the
thermal analysis

® The samples were heated from 50 to 400 °C at scan rete of 20 °C/min
followed by rapid cooling to 50 °C at —20 °C/min in nitrogen. The mid-
point temperature of baseline shift on the subsequent DSC trace (from
50 °C to 400 °C at a heating rate 20 °C/min) was defined as 7,

¢ Decomposition temperature at which a 10% weight loss was recorded
by TGA at a heating rate of 20 °C/min and a gas flow rate of 20 cm® /min

4 Residual weight percentage at 800 °C under nitrogen flow

Thermal properties of the polymers were investigated by
DSC and TGA. The thermal behavior data of these polymers
are summarized in Table 4. DSC measurements were conduct-
ed with a heating rate of 20 °C/min under a nitrogen flow.
Quenching from an elevated temperature of about 400 °C to
50 °C gave predominantly amorphous samples so that the
glass-transition temperature () of these polymers could be

Tg =285°C

5a
Tg =288 °C

5b

T, =242 °c
L"_/Z—//

T =260°C
9
-Sd’///
T =261°C
g
E’//

T T T T T T T
150 200 250 300 350

Heat Flow Endo Up (mW)

Temperature (°C)

Fig.5 DSC curves (the second scans after quenching from 400 °C) of the
poly(ester-amide)s 5a — 5e with a heating rate of 20 °C/min in nitrogen
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Fig.6 DSC curves (the second scans after quenching from 400 °C) of the
poly(ester-imide)s 7a —7d with a heating rate of 20 °C/min in nitrogen

easily measured in the second heating traces of DSC (Figs. 5
and 6). T,s of poly(ester-amide)s Sa—5e and poly(ester-im-
ide)s 7a — 7d were observed in the range of 242-288 °C and
256-298 °C, respectively. Poly(ester-amide) 5¢ and
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Fig. 7 TGA curves of the polymers: (a) 5a and (b) 7d, with a heating rate
of 20 °C/min
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Table5  Optical properties of poly(ester-amide)s and poly(ester-imide)s

PPolymer code Film thickness (um) Color coordinates® Ao (nm)®

L* a* b*

Sa 43 8223 —-124 486 358
5b 40 81.17 —-1.71 7.54 362
5S¢ 49 84.16 —0.25 1.18 345
5d 40 83.83 —0.27 1.81 355
Se 50 87.39 —0.07 0.80 344
Ta-T 52 84.02 -3.61 19.18 409
7o-T 51 89.07 -0.61 537 397
Tc-T 56 83.40 —-1.21 11.65 380
TcC 51 88.17 —1.51 890 370
7d-T 51 83.50 —0.61 7.56 366
7d-C 50 88.13 —0.28 2.76 356

PMDA/ODA 51 76.66 8.16 98.94 473

#The color parameters were calculated according to a CIE LAB eq. L* is
the lightness, where 100 means white and 0 implies black. A positive a*
means a red color, and a negative a* indicates a green color. A positive b*
means a yellow color, and a negative b* implies a blue color

® Absorption edge from UV-vis spectra of the polymer films

poly(ester-imide) 7¢ displayed the lowest 7, in each series
because of the presence of flexible ether linkage in their back-
bones. The higher 7, values associated with polymers Sb and
7a could be attributed to the presence of rigid biphenylene and
pyromellitimide units that stiffen the polymer backbone.

The thermal stability of the polymers was evaluated by
TGA in both air and nitrogen atmospheres. TGA curves of
poly(ester-amide) 5a and poly(ester-imide) 7d are illustrated
in Fig. 7. These polymers exhibited reasonable thermal stabil-
ity without significant weight loss up to 450 °C under nitrogen
or air atmosphere. The decomposition temperatures (74) at
10% weight losses in nitrogen and air atmospheres taken from

100

80

2 5a (358 nm)
§ 60 5d (355 nm)
s 5¢ (345 nm)
'€ 5b (362 nm)
2 404 5e (344 nm)
]
|_
20

1 4 T L 1 S 1 b
400 500 600 700 800
Wavelength (nm)

Fig. 8 Transmission UV-visible absorption spectra of the poly(ester-
amide) films 5a — 5e with thickness of about 45 pm
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Fig. 9 Transmission UV-visible absorption spectra of the poly(ester-
imide) films 7¢—C, 7d—C, 7¢-T and 7d-T with thickness of about
50 pm (Kapton: PMDA/ODA polyimide)

the original TGA thermograms are given in Table 4. The de-
composition temperatures at 10% weight-loss of poly(ester-
amide)s 5a — 5e in nitrogen and air were recorded in the range
of 468-497 °C and 464492 °C, respectively, and the poly(-
ester-imide)s 7a — 7d showed Ty at 10% weight loss in the
range of 506-516 °C and 491-504 °C, respectively. All of
the polymers seemed to exhibit a two-stage decomposition
behavior at elevated temperatures. The first stage of weight
loss starting around 450 °C might be attributed to the early
degradation of the less stable ester groups. The amount of
carbonized residues (char yield) at 800 °C in nitrogen for
poly(ester-amide)s 5a — 5e was in the range of 62—68 wt%,
and poly(ester-imide)s 7a—7d was in the range of 50—
55 wt%. The high char yields of these polymers can be attrib-
uted to their high aromatic content.

The color intensities of the poly(ester-amide)s 5a — Se and
poly(ester-imide)s 7a —7d were elucidated from the
yellowness (b*) or redness (a*) indices observed by a color-
imeter. For comparison, a standard polyimide from PMDA
and ODA (the same components to the commercial Kapton
film) was also prepared and characterized its color intensity.
The color coordinates of all these polymer films are shown in
Table 5. The slightly higher yellowness index (b*) of the ther-
mally imidized poly(ester-imide) films might be explained by
thermal oxidation of chain-end amino groups or a denser
chain packing. In addition, all these polymer films were also
measured for optical transparency using UV-vis spectroscopy.
Figs. 8 and 9 show the UV-visible transmittance spectra of
poly(ester-amide) films and some representative poly(ester-
imide) films, respectively, and the cut-off wavelengths (ab-
sorption edge; Ag) from the UV-vis spectra are also listed in
Table 5. All the poly(ester-amide) and poly(ester-imide) films
showed cut-off wavelengths shorter than 410 nm and were
entirely transparent and near colorless. All the polymer films
in this work exhibited much lighter color than the standard
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Kapton polyimide film (see inset in Fig. 9). The low color of
these poly(ester-amide)s and poly(ester-imide)s could be ex-
plained by the decreased intermolecular electronic interac-
tions. The bulky and three-dimensional triptycene units in
polyamide or polyimide component were effective in decreas-
ing charge-transfer complexing (CTC) between the polymer
chains through a steric hindrance effect.

Conclusions

Two new triptycene-based bis(ester amine)s, 1,4-bis(3-
aminobenzoyloxy)triptycene (3) and 1,4-bis(4-amino
benzoyloxy)triptycene (3'), have been successfully synthe-
sized and led to new aromatic poly(ester-amide)s and poly(-
ester-imide)s containing triptycene moieties by polycondensa-
tion with various dicarboxylic acids and dianhydrides, respec-
tively. Most of the polymers derived from bis(ester amine) 3
were readily soluble in polar organic solvents and could afford
strong and flexible films via solution casting. The cast films
showed less color intensity or colorlessness and moderate
thermal stability. However, the polymers from bis(ester
amine) 3’ could not afford flexible films via solution casting
due to lower molecular weights.
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