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Abstract
A series of fluorinated aromatic poly(ether imide)s (PEIs)(IV) containing bulky fluorene bis(ether anhydride) [(9,9-bis[4-(3,4-
dicarboxyphenoxy)-phenyl]fluorene, (I)] with various fluorinated diamines (II) were prepared through polyaddition and 
chemical, or, thermal imidization two-stage process. The resulting PEIs have inherent viscosities of 0.50–0.58 dL/g and 
are readily soluble in various organic solvents. Both chemically and thermally imidized PEI films are colorless and highly 
transparent with cut-off wavelengths below 375 nm and yellowness index ranging from 5.4 to 13.4. They also exhibited 
excellent thermal stability with glass transition temperatures (Tgs) up to 297 °C and 10% weight loss temperatures (Tds) up to 
583 °C in nitrogen atmosphere. Furthermore, the films have tensile strengths of 90–147 MPa and initial modulus of 2.0–2.6 
GPa. Meanwhile, all the obtained fluorinated PEIs exhibited low dielectric constant of 2.69–3.19 at 1 MHz and low water 
uptake of 0.17–0.34%. Finally, the non-fluorinated counterparts derived from similar bis(ether anhydride) (I) with various 
bis(ether amine)s were prepared and compared. The results demonstrate that the fluorinated PEIs are promising candidates 
for high-performance films due to the bulky fluorene bis(ether anhydride) and trifluoromethyl substituted along the polymer 
repeat unit chain.
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Introduction

Aromatic polyimides (PIs) are important high-perfor-
mance polymers widely used in the fields of optical [1], 
microelectronic [2], aerospace and separation [3] due to 
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their excellent thermal, mechanical and electrical proper-
ties as well as good chemical resistance [4, 5]. Despite 
the advantages mentioned above, the main drawback of 
this kind of polymers is poor solubility together with high 
softening/melting temperatures that restricts their process-
ability [6]. Furthermore, the strong absorption in the vis-
ible region came from the strong intermolecular charge 
transfer complex (CTC) effect limits their applications in 
optoelectronic fields [7, 8]. To enhance the processabil-
ity and optical properties of PIs, various techniques have 
been recently developed by researchers to overcome these 
critical issues, such as introducing (i) a fluorine-containing 
group [9], (ii) a bulky substituent [10], (iii) an asymmetric 
or twisted structure [11], (iv) a flexible linkage [12], and 
(v) an aliphatic unit [13] into the diamines or dianhydrides 
monomers, thus the novel PIs could be obtained from the 
above modified monomers.

An alternative polymer structure, named as poly(ether 
imide)s (PEIs), which contains flexible ether linkage in its 
dianhydride monomer, has been designed and adopted in 
industry due to its enhanced solubility and optical prop-
erties. An important PEI polymer, Ultem 1000, derived 
from 4,4’bisphenol-A dianhydride (BPADA) and m-phe-
nylene diamine offered reasonable thermal stability, good 
mechanical property and acceptable optical property [14]. 
Since then, several types of modified bis(ether anhydride)
s and their related PEIs have been reported [15–18]. For 
example: hydroquinone [15], adamantly [16], 2,2 ‘-dime-
thyl-4,4 ‘-biphenyl [17], 3,3’,5,5’-tetramethylbiphenyl 
[18] and fluorinated substituents [19, 20] as a core for 
preparing the corresponding bis(ether anhydride)s. With 
changing the core of the bis(ether anhydride), the related 
PEI properties could be changed significantly. To further 
improve the properties of PEIs, a pendent trifluoromethyl-
substituted diamine [21–23] had been considered as a 
sufficient method to achieve excellent organo solubility, 
optical properties and dielectric properties. In summary, 
it has been found that fluorinated PEI has better proper-
ties than other polyamides, but its properties still need to 
be optimized.

The contribution of the fluorene moiety in its polymer 
structure has been significantly increased due to the advan-
tages of the bulky and rigid fluorene unit for high ther-
mal stability and good solubility in organic solvents, so 
as to obtain high-performance PIs [24–26]. Furthermore, 
incorporation of the fluorene moiety is also preferred to 
the lower transparency and dielectric constant of the PIs, 
because of the low packing density of the bulky cardo 
aromatic structure [27, 28]. In a previous study, Hsiao 
et al. (1999) reported the synthesis and characterization 
of a series of PEIs derived from a bulky fluorene dianhy-
dride (9,9-bis[4-(3,4-dicarboxy-phenoxy)phenyl]fluorene 
(I) with various aromatic diamines [24]. Although most 

of them exhibited good film formability and high thermal 
stability, the organic solubility still needed to be improved. 
Furthermore, their optical properties were not investigated 
in detail. In this study, we thus designed and synthesized 
a series of fluorinated PEIs (IV) containing fluorene dian-
hydride (I) and various fluorinated diamines (II). In addi-
tion, reference non-fluorinated PEIs (V) were prepared 
and compared. The organic solubility, thermal, optical, 
mechanical and dielectric properties of all the prepared 
PEIs were assessed.

Experimental

Monomer synthesis

9,9-Bis(4-hydroxyphenyl)fluorene and 4-nitrophthalo-
dinitrile were purchased from Acros, and were used as 
received. The target 9,9-bis[4-(3,4-dicarboxyphenoxy)-
phenyl]fluorene dianhydride (I) was synthesized accord-
ing to the three reported steps [23] and the synthetic 
routes are illustrated in Scheme 1. The corresponding 
characters of the precursors I’, I’’ and I are shown below: 
(a) compound I’: mp 269–270 °C ([24] 260–262 oC). 
IR (KBr): 2233 (C ≡ N), 1253  cm−1 (C-O). 1H NMR 
(500 MHz, DMSO-d6, δ, ppm): 8.03 (d, J = 8.7 Hz, 2H, 
Hb), 7.93 (d, J = 7.4 Hz, 2H, Hi), 7.74 (s, 2H, Ha), 7.49 
(d, J = 7.6 Hz, 2H, Hf), 7.41 (t, J = 7.4 Hz, 2H, Hh), 7.35 
(t, J = 7.4 Hz, 2H, Hg), 7.33 (dd, J = 8.7, 2.3 Hz, 2H, 
Hc), 7.24 (d, J = 8.4 Hz, 4H, He), 7.07 (d, J = 8.4 Hz, 
4H, Hd). 13C NMR (125 MHz, DMSO-d6, δ, ppm): 160.8 
(C3), 152.6 (C7), 150.2 (C12), 142.8 (C17), 139.5 (C10), 
136.3 (C5), 129.8 (C9), 128.2 (C14), 128.0 (C16), 126.1 
(C13), 122.8 (C15), 122.1 (C4), 120.7 (C2), 120.1 (C8), 
116.7 (C1), 115.9, 115.4 (C18,18’), 108.3 (C6), 64.1(C11); 
(b) compound II’: IR (KBr): 2400–3400 (O–H), 1704 
(C = O), 1222  cm−1 (C–O–C). 1H NMR (500  MHz, 
DMSO-d6, δ, ppm): 7.93 (d, J = 7.6 Hz, 2H, Hi), 7.90 (d, 
J = 8.6 Hz, 2H, Hb), 7.49 (d, J = 7.5 Hz, 2H, Hf), 7.41 (t, 
J = 7.5 Hz, 2H, Hh), 7.34 (t, J = 7.5 Hz, 2H, Hg), 7.31 (s, 
2H, Ha), 7.20 (d, J = 8.6 Hz, 4H, He), 7.09 (dd, J = 8.6, 
2.5 Hz, 2H, Hc), 7.02 (d, J = 8.6 Hz, 4H, Hd). 13C NMR 
(125 MHz, DMSO-d6, δ, ppm): 168.2 (C3), 167.5 (C18,18’), 
158.6 (C7), 154.2 (C12), 150.6 (C13), 141.6 (C10), 139.6 
(C17), 137.0 (C16), 129.6 (C5,9), 128.2 (C14), 128.0 (C15), 
126.1 (C6), 120.7 (C4), 119.5 (C8), 119.3 (C2), 64.1 (C11); 
and (c) compound I: mp 244–245 oC ([24])  239–241 oC). 
IR(KBr): 1851 (asym. C = O str.), 1770 (sym. C = O str.), 
1264 cm−1 (C–O–C). 1H NMR (500 MHz, DMSO-d6, δ, 
ppm): 7.93 (d, J = 8.4 Hz, 2H, Hb), 7.83 (d, J = 7.5 Hz, 
2H, Hi), 7.48 (d, J = 7.6 Hz, 2H, Hf), 7.45 (d, J = 8.4 Hz, 
2H, Hc), 7.43 (t, J = 7.5 Hz, 2H, Hh), 7.42 (s, 2H, Ha), 
7.37 (t, J = 7.6  Hz, 2H, Hg), 7.35 (d, J = 8.6  Hz, 4H, 
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He), 7.01 (d, J = 8.6 Hz, 4H, Hd). 13C NMR (125 MHz, 
DMSO-d6, δ, ppm): 164.8 (C3), 162.5, 162.0 (C18,18’), 
152.9 (C7), 150.4 (C12), 143.5 (C13), 140.0 (C10), 133.9 
(C1), 130.2 (C9), 128.1 (C5), 128.0 (C17), 127.6 (C16), 
126.0 (C14), 125.0 (C15), 124.3 (C6), 120.5 (C4), 120.4 
(C8), 112.5 (C2), 64.5 (C11).

The CF3-substituted bis(ether amine)s (IIa-IIg) used in 
this study were synthesized according to pervious litera-
tures (IIa [29], IIb [30], IIc [31], IId [32], IIe [33], IIf [34], 
IIg [35]) through chloro-displacement reactions and reduc-
tion reactions. In addition, the analogous non-fluorinated 
bis(ether amine)s, II’c [36], II’d [37] and II’g [38] were pre-
pared from p-chloronitrobenzene and the corresponding aro-
matic diols through similar synthetic procedures mentioned 
above. Other commercial non-fluorinated bis(ether amine)
s, 1,4-bis-(4-aminophenoxy)benzene (II’a), 4,4’-bis(4-ami-
nophenoxy)biphenyl (II’b), 2,2-bis[4-(4-amino-phenoxy)
phenyl]propane (II’e) and 2,2-bis[4-(4-aminophenoxy)
phenyl]-hexafluoropropane (II’f) were purchased from TCI 
and Chriskev, respectively. N,N-Dimethylacetamide (DMAc, 
Fluka) and N,N-dimethylformamide (DMF, Fluka) were 
purified by stirring with calcium hydride followed by distil-
lation under vacuum pressure.

PEI synthesis

Thermal imidization

Take IVa (H) as an example. An amount of 0.257  g 
(0.6 mmol) of fluorinated bis(ether amine) IIa and 5.0 mL of 

dried DMAc were added ina flask equipped with a mechani-
cal stirrer. After the diamine was dissolved completely, an 
equimolar of bis(ether anhydride) I (0.386 g, 0.6 mmol) was 
added in one portion. The mixture was stirred at room tem-
perature for 12 h to obtain a poly(amic acid) (PAA) solution. 
Followed, the solution was poured into a glass culture dish, 
which was placed into a 100 °C oven for 1 h to remove the 
casting solvent. Finally, the thermal imidization was carried 
out by keeping this sample in a temperature-programmable 
oven by sequential heating from 100 °C to 250 °C at a heat-
ing rate of 2 °C/min and hold at 250 °C for another 30 min. 
The fully imidized flexible film IVa (H) was self-stripped 
from the glass surface by immersion in water.

Chemical imidization

Take IVa (C) as an example. Acetic anhydride (0.6 mL) and 
pyridine (0.3 mL) (2:1 v/v) were added to the PAA solution 
that prepared in the same manner as mentioned above, and 
the mixture was stirred for 1 h at a temperature of 80 °C to 
achieve a complete chemical imidization. The viscous solu-
tion was poured into a glass culture dish, which was placed in 
a 100 °C oven for 1 h to evaporate the solvent and form a thin 
film. Finally, the PEI film was obtained by keeping the sam-
ples in a temperature-programmable oven by sequential heating 
from 100 to 200 °C at a heating rate of 2 °C/min and hold at 
200 °C for another 1 h. A flexible film was obtained through 
self-stripping from the glass surface by immersion in water.

(ηinh of IVa (H) = 0.54 dL/g). IR (PAA film): 2400–3600 
(O–H), 1716, 1670 (C = O), 1489 cm−1 (arom. C = C). IR 

Scheme 1   Synthesis of 9,9-bis[4-(3,4-dicarboxyphenoxy)phenyl]fluorene dianhydride (I)
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(PEI film): 1780 (asymmetric imide C = O stretch), 1728 
(symmetric imide C = O stretch), 1500 (arom. C = C), 1379 
(C-N stretch), 1243 (C-O), 1052, 746  cm−1 (imide ring 
deformation). 1H NMR (500 MHz, DMSO-d6, δ, ppm): 7.88 
(d, J = 8.3 Hz, 2H, Hb), 7.81 (d, J = 7.5 Hz, 2H, Hi), 7.76 (d, 
J = 2.2 Hz, 2H, Hj), 7.52 (dd, J = 8.9, 2.2 Hz, 2H, Hk), 7.47 
(d, J = 7.6 Hz, 2H, Hf), 7.45 (d, J = 2.0 Hz, 2H, Ha), 7.42 (t, 
J = 7.5 Hz, 2H, Hh), 7.36 (t, 2H, Hg), 7.34 (dd, 2H, Hc), 7.32 
(d, J = 8.7 Hz, 4H, He), 7.14 (s, 4H, Hm), 7.03 (d, J = 8.9 Hz, 
2H, Hl), 6.99 (d, J = 8.7 Hz, 2H, Hd). 13C NMR (125 MHz, 

DMSO-d6, δ, ppm): 166.4, 166.3 (C27,27’), 163.7 (C3), 155.1 
(C7), 153.6(C24), 152.3(C21), 150.6 (C12), 142.9 (C13), 140.0 
(C10), 134.0 (C1), 131.3 (C18), 130.1 (C9), 128.0 (C5), 127.9 
(C17), 126.2 (C6), 126.0 (C16), 125.9 (C14), 125.6 (C19), 
124.9 (C15), 123.3 (C23), 122.8 (C26, quartet, 1JC-F = 272 Hz), 
121.6 (C8), 121.5 (C20, quartet, 2JC-F = 32 Hz), 120.4 (C4), 
120.1 (C25), 118.7 (C22), 112.2 (C2), 64.5 (C11).

The preparation of other PEIs was in the same manner 
as mentioned above. The thickness of these films was about 
30–60 μm.

Scheme 2   Synthesis of poly(ether imide)s

Table 1   Inherent viscosity, GPC 
data and elemental analysis of 
the PEIs

a Poly(ether imide)s were obtained by the thermal imidization method
b Inherent viscosity measured at a polymer concentration of 0.5 g/dL in DMAc at 30 oC
c Relative to polystyrene standard, using THF as the eluent

Polymera GPC datac Formula of repeat 
unit (formula 
weight)

Elemental analysis (%)

Code ηinh(dL/g)b Mn (× 104) Mw (× 104) PDI C H N

IVa 0.54 1.66 3.25 1.96 (C61H32O8N2F6)n Calcd 70.79 3.12 2.71
(1034.92)n Found 70.25 2.91 2.63

IVb 0.58 1.55 3.25 2.10 (C67H36O8N2F6)n Calcd 72.43 3.27 2.52
(1111.02)n Found 72.66 3.45 2.52

IVc 0.50 1.25 2.99 2.39 (C71H44O8N2F6)n Calcd 73.07 3.80 2.40
(1167.13)n Found 72.14 3.92 2.47

IVd 0.55 1.44 3.06 2.13 (C69H46O8N2F6)n Calcd 72.37 4.05 2.45
(1145.12)n Found 71.87 4.23 2.40

IVe 0.58 1.83 3.46 1.89 (C70H42O8N2F6)n Calcd 72.91 3.67 2.43
(1153.10)n Found 71.77 3.53 2.39

IVf 0.57 1.95 3.69 1.90 (C70H36O8N2F12)n Calcd 66.67 2.88 2.22
(1261.05)n Found 66.90 2.80 2.04

IVg 0.51 1.93 3.65 1.89 (C80H44O8N2F6)n Calcd 75.35 3.48 2.20
(1275.23)n Found 75.35 3.58 2.25
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Measurements

The measurement details are presented in Supplementary 
Materials.

Results and discussion

Synthesis

The fluorene-based bis(ether anhydride) (I) compound was 
synthesized through a well-developed three-step synthetic 
procedures [23] as shown in Scheme 1. Although the structure 
has been presented in the literature[24], its structural identi-
fication is not fully performed, but only the representative 
IR spectra. In 1H NMR spectra (Fig. 1), an upfield shift of 
the protons on the outer benzene ring was observed after the 
cyano group of I’ was converted into the carboxyl group and 
anhydride group. In 13C NMR spectra (Fig. 2), the significant 
resonance carbon peaks of the cyano, carboxyl acid precursors 
to anhydride target compound shifted from 115–116 ppm, to 
167–169 and 162–163 ppm, respectively. Hence, the 1H and 
13C NMR spectra and the chemical shift peak assignments are 
in good agreement with the spectra of the synthesized ones.

Then, a series of fluorinated PEIs (IVa-g) and their analo-
gous non-fluorinated PEIs (Va-g) that contain fluorene-based 
bis(ether anhydride) (I) and various fluorinated (IIa-g) or 
non-fluorinated (II’a-g) diamines were prepared (Scheme 2). 
The two-step procedures include ring-opening polyaddition 
between bis(ether anhydride) and various diamines to form 
PAA precursors and thermal (slow heating to 250 °C) or 
chemical (treatment with a mixture of acetic anhydride and 
pyridine) imidization to obtain the corresponding flexible 
and tough PEI films. Table 1 shows the inherent viscosi-
ties and GPC results of the thermally imidized fluorinated 
PEIs (IV series). The inherent viscosities are in the range of 
0.50–0.58 dL/g. In addition, the number-average molecular 
weights (Mns) are in the range of 12,500–19,500, and the 
weight-average molecular weights (Mws) are in the range 
of 29,900–36,900, accordingly with the PDI (polydispersity 
index) values of 1.89–2.39.

The chemical compositions of the PEIs were also deter-
mined through elemental analysis (EA), IR and NMR spec-
troscopy techniques. Table 1 displays the EA results of the 
PEIs. All the found values are in good agreement with the cal-
culated values of the proposed structures. Figure 3 illustrates 
the selected IR spectra of the completely imidized PEI (IVa) 
and its PAA precursor (IIIa). The characteristic absorption 
peaks of PAA appeared at 3600–2400 (O–H and N–H stretch-
ing), 1716, and 1670  cm−1 (C = O stretching of carboxyl 
and amide groups). After imidization, the above-mentioned 
amide and carboxyl bands disappeared, and the characteristic 
absorptions bands of imide group at 1780 and 1728 (imide 

carbonyl asymmetrical and symmetrical stretch), 1379 (C − N 
stretch), and 1052 and 746 cm−1 (imide ring deformation) 
appeared that indicates a virtually complete conversion of the 
PAA precursor into PEI. The 1H and 13C NMR spectra of the 
representative PEI IVa are also confirmed and illustrated in 
Fig. 4. Assignments of whole protons and carbons are present 
in the figure as well. 1H and 13C NMR spectra are gener-
ally well assigned to the repeat polymer backbone. Thus, the 
fluorinated PEIs were successfully synthesized.

Solubility

The solubility of the synthesized PEIs [IV(H)] was tested in 
various organic solvents, and the results are given in Table 2. 

Fig. 1   1H NMR spectra of intermediate precursors I’ and I’’ and tar-
get bis(ether anhydride) I in DMSO-d6
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All fluorinated PEIs, in addition to showing good solubility in 
DMSO and acetone, may dissolve in high-boiling point sol-
vents such as NMP, DMAc, DMF, and also in low-boiling point 
solvents such as Py, THF, CH2Cl2, and CHCl3. The favorable 
organic solubility in different organic solvents makes it possible 
to prepare flexible and tough films with the help of the solution 
casting process. As compared to the non-fluorinated counter-
parts [V(H)], the IV(H) displayed an enhanced organic solubility 
because the presence of bulky pendent CF3 groups can efficiently 
lessen chains packing and intermolecular interactions. In addi-
tion, the bis(ether amine)s containing bulky di-tert-butyl (IVd), 
hexafluoropropane (IVf) and fluorine (IVg) moiety in their struc-
tures exhibited the best solubility among all.

Optical properties

UV–Vis absorption of PEIs was performed and the obtained 
absorption edge (cut-off wavelength, λ0) data are compara-
tively listed in Table 3. The chemically [IV(C)] and thermally 

[IV(H)]-imidized fluorinated PEIs showed the λ0 values in the 
range of 361–370 and 362–372 nm, respectively. The chemi-
cally-imidized films IV(C) showed higher optical transparency 
than did the thermally imidized films. This is due to close chain 
packing of thermally imidized films or oxidation of terminal 
amino groups during thermal curing. In contrast, the V(H) 
series exhibited the λ0 values ranging from 371 to 399 nm, 
indicating that fluorinated PEIs have better optical properties. 
To realize the effect of fluorene-based bis(ether anhydride), the 
polyimides (PIs) derived from bis(ether amine) (II’a) and vari-
ous commercial dianhydrides are selected and compared with 
Va(H). All the PIs have significant lager λ0 values (387–440 nm) 
than Va(H) (λ0 = 375 nm). The results suggested that the intro-
duction of fluorene-based bis(ether anhydride) is better than 
the introduction of fluorinated bis(ether amine) and the imi-
dization method. That is, the bis(ether anhydride), containing 
electron-donating ether linkages, has decreased the overall elec-
tron affinity of the phthalimide units more sufficiently, and thus 
lowered the intermolecular charge transfer complexing (CTC) 
interaction. In addition, the CF3-substitution and chemical imi-
dization process could also slightly reduce the presence of the 
CTC effect.

The color index of all the polymer films was elucidated 
from the yellowness (b*), redness (a*) and lightness (L*) 
values that are also summarized in Table 3. The chemically 

Fig. 2   13C NMR spectra of intermediate precursors I’ and I’’ and tar-
get bis(ether anhydride) Iin DMSO-d6

Fig. 3   IR spectra of representative PEI IVa and its poly(amic acid) 
precursor IIIa
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and thermally imidized fluorinated PEIs exhibited b* values 
ranged from 4.9 to 9.3 and 9.4 to 13.3, respectively. Again, 
the b* values of the chemically-imidized PEIs are lower than 
those of the corresponding thermally cured films. The IV 
series have revealed lower b* values than their respective 
CF3-free counterparts (Vseries) (b* = 10.9–30.6). Further-
more, the PIs derived from bis(ether amine) (II’a) with vari-
ous commercial dianhydrides appeared with a deep yellow 
color and showed relatively the highest b* values (30.4–87.8). 
All the results are consisted with the cut-off wavelength con-
ducted through UV–Vis spectroscopy (as above).

Mechanical and thermal properties

Except for Vg, all PEIs could afford good quality tough films. 
The mechanical properties of PEIs obtained through ther-
mally-cured process are summarized in Table 4. The PEIs of 
the IV series showed strength-at-break of 90–147 MPa, elon-
gation-at-break of 6–12%, and an initial modulus of 2.0–2.6 
GPa. In addition, the V series exhibited the mechanical prop-
erties of 95–117 MPa, 8–15% and 1.5–2.1 GPa, respectively. 

The IVg film containing two bulky fluorene units in the repeat 
unit of the polymer chain showed the highest tensile strength 
and elongation properties. In addition, bulky CF3 substitu-
ents of the IV series seem to have insignificant impact on 
the mechanical properties compared to the analogs V series. 
However, it is difficult to determine the structure–property 
relationship based on different bi(amine ether) and fluorinated 
substituents because the test samples were not optimal.

Thermal stability values of the thermally imidized PEIs 
were measured by differential scanning calorimetry (DSC) 
and thermogravimetry (TGA) at a heating rate of 15 and 
20 °C/min, respectively (Table 4). DSC experiments were 
carried out at a heating rate of 15 °C/min under nitrogen 
atmosphere. Rapid cooling from 400 °C to room temperature 
produced predominantly amorphous samples, therefore the 
obvious DSC baseline shift (glass transition temperature, 
Tg) for all the PEIs could be easily read in subsequent heat-
ing traces. The Tg values of the fluorinated PEIs [IV(H)] 
ranged from 234 to 297 °C, depending on various diamine 
structures. As expected, the presence of rigid tetramethylbi-
phenyl, tert-butyl and bulky fluorene moiety in its diamine 

Fig. 4   1H and.13C NMR spectra 
of PEI IVa in DMSO-d6
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compound caused relatively higher Tg values because of 
the increased barrier against chain rotation and movement. 
All the PEIs exhibited generally high Tg values because of 
the introduction of bulky fluorene unit in the dianhydride 
structure. For example, the IV series showed higher Tg 
values than the fluorinated PEIs derived from 4,4'-bisphe-
nol-A dianhydride (BPADA) [40]. Furthermore, the non-
fluorinated PEIs (V) were recorded in the range of 239 to 
288 °C. Besides, the fluorinated PEIs [IVc(H) and IVd (H)] 
exhibited slightly higher Tg values than the corresponded V 
series, and most V series showed slightly higher Tg values 
due to the CF3-substituted-free characteristics that decreased 
the electronic interactions and dense packing. The effect of 
increased fractional free volume caused by the incorporation 
of bulky CF3 groups might be compensated by the restricted 
rotation within the diamine residues.

The TGA data for these polymers are also shown in 
Table 4. Thermal decomposition temperatures (Td) at a 10% 
weight loss for the whole fluorinated PEIs in nitrogen and air 
atmospheres were found over a range between 501–583 and 
501–577 °C, respectively. In addition, most non-fluorinated 
PEIs showed lower Td values than the counterparts ranging 
from 483 to 562 and 496–550 °C. They also left 53–69% 
char yield for IV series and 46–65% for V series. Due to the 
presence of tetramethyl- or tert-butyl-substituted groups in 
IVc and IVd (or Vc and Vd), they began to decompose at 
relatively lower temperatures comparing to other polymers. 
Furthermore, IVa, IVb and IVg contain a relatively higher 
phenyl ratio in their polymer chain, so they exhibited higher 
Td values.

Electrical and water absorption properties

We also evaluated the electrical properties and water 
absorption ratios of the thermally imidized PEI films, as 
summarized in Table 5. The commercial Kapton film was 
also selected for comparison. The dielectric constants of the 
whole polymer films were conducted at room temperature 
over the frequency range from 1 kHz to 40 MHz. The IV 
and V series exhibited dielectric constants at 1 MHz ranging 
from 2.69 to 3.19 and 3.16 to 3.54, respectively. In addition, 
the reference Kapton film has a dielectric constant of 3.80. 
The fluorinated PEIs of IV series have lower dielectric con-
stants than the non-fluorinated analogs because of the incor-
poration of bulky CF3 groups in their structure. These results 
suggested that the CF3 groups can inhibit chain packing and 
increase the free volumes. Furthermore, the low polariz-
ability of C-F bonds, which is caused by the strong electron-
egativity of the fluorine atom, contributes to decrease the 
dielectric constant of fluorinated PEIs to some extent. Thus, 
IVf that contains hexafluoroisopropylidene and trifluorome-
thyl unit exhibited the lowest dielectric constant among all. 
In addition, water absorption rates of the IV and V series 
at room temperature were in the range of 0.17–0.34% and 
0.28–0.68%, respectively. As expected, the hydrophobicity 
of fluorine unit displayed a lower water uptake. The lower 
water absorption ratios ensure these polymers have stable 
electric properties because they are usually utilized in the 
conditions of higher humidity.

Table 2   Solubility performance 
ofthe PEIs in various organic 
solventsa

a  Solubility: +  +  +  = soluble at a concentration of 10% (100 mg sample in 1 mL of the solvent); +  +  = sol-
uble at 5%; +  = soluble at 1% − = insoluble, (S) swelling under 1%
b Poly(ether imide)s were obtained by the thermal imidization method with DMAc as solvent
c NMP N-methyl-2-pyrrolidone, DMAc N,N-dimethylacetamide, DMF N,N-imethylformamide, DMSO 
dimethylsulfoxide, Py pyridine, THF tetrahydrofuran

Polymerb Solventc

NMP DMAc DMF DMSO m-Cresol Py THF CH2Cl2 CHCl3 Acetone

IVa  +  +  +   +  +  +   +  +  +  −  +   +  +  +   +  +   +  +  +   +  +  +  −
IVb  +  +  +   +  +  +   +  +  +  S  +   +  +  +   +  +   +  +  +   +  +  +  −
IVc  +  +   +  +   +  +  −  +  +  +   +  +  +   +  +   +  +  +   +  +  +  −
IVd  +  +  +   +  +  +   +  +  +  −  +   +  +  +   +  +  +   +  +  +   +  +  +   +  +  + 
IVe  +  +  +   +  +  +   +  +  +  −  +  +  +   +  +  +   +  +  +   +  +  +   +  +  +  −
IVf  +  +  +   +  +  +   +  +  +   +   +  +  +   +  +  +   +  +  +   +  +  +   +  +  +  S
IVg  +  +  +   +  +  +   +  +  +  S  +   +  +  +   +  +  +   +  +  +   +  +  +  −
Va  +   +   +  −  +   +  -  +  +   +  +  +  −
Vb  +   +  S −  +   +  -  +  +  +   +  +  −
Vc  +   +   +  −  +   +   +   +  +  +   +  +  −
Vd  +  S S −  +   +  +  +   +  +   +  +  +   +  +  +  −
Ve  +   +   +  +  −  +   +  +  +   +  +   +  +  +   +  +  +  −
Vf  +  +   +  +  +   +  +   +   +   +  +  +   +  +   +  +  +   +  +  +  −
Vg  +   +   +  +  −  +   +  +  +   +  +   +  +  +   +  +  +  −
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Conclusion

A series of f luorene-based f luorinated PEIs (namely 
IVa-g) were successfully synthesized through a two-step 
thermal or chemical polycondensation reaction. Based 
on the systematical investigation, the thermal, organo 
solubility, optical properties and so on related to various 
fluorinated diamine would be fully understood. Mean-
while, the non-fluorinated PEIs were also prepared for 

comparison. These f luorene-based f luorinated PEIs 
exhibited high optical transparency, excellent solubil-
ity, thermal stability and good electrical properties. All 
of the obtained characterization data demonstrated that 
these PEI films are potential candidates for microelec-
tronic or optical devices. In addition, similar structures 
of fluorinated PEIs and their properties are also sum-
marized below for readers' reference.
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Table 3   Color coordinates and 
cut-off wavelength (λ0) from 
UV–vis spectra of the polymer 
films

a The color parameters were calculated according to a CIE LAB equation, using paper as a standard. L* is 
lightness; 100 means white, while 0 implies black. A positive a* means red color, while a negative a* indi-
cates green color. A positive b* means yellow color, while a negative b* implies blue color
b Cut-off wavelength obtained from transmission UV–vis spectra

Polymer Color coordinatesa λ0 (nm)b Film thickness
(µm)

b* a* L*

Ref. Std 1.12 -0.46 100 – –
IVa(C) 6.1 -1.8 97.4 367 94
IVb(C) 6.7 -2.0 96.5 364 86
IVc(C) 8.6 -2.6 94.6 366 80
IVd(C) 6.9 -2.2 95.7 362 77
IVe(C) 5.4 -1.7 98.6 361 86
IVf(C) 4.9 -1.3 95.0 361 81
IVg(C) 9.3 -2.1 94.5 370 83
IVa(H) 13.3 -2.8 94.4 372 53
IVb(H) 11.0 -2.5 95.5 368 48
IVc(H) 12.5 -2.9 94.3 368 44
IVd(H) 10.7 -2.6 95.0 369 50
IVe(H) 9.4 -2.4 95.6 362 46
IVf(H) 10.1 -1.9 95.6 365 62
IVg(H) 10.7 − 2.5 93.1 371 55
Va(H) 14.2 − 3.2 92.8 375 45
Vb(H) 11.1 − 2.9 93.7 370 42
Vc(H) 30.6 − 3.5 93.7 388 68
Vd(H) 17.0 − 4.4 95.5 375 65
Ve(H) 22.2 − 2.6 90.5 371 77
Vf(H) 10.9 − 2.4 93.8 372 43
Vg(H) 20.5 − 3.6 92.9 382 88
PMDA-II’a 80.5 3.7 88.4 440 39
BTDA-II’a 87.8 2.3 90.4 446 37
BPDA-II’a 65.9 − 11.7 94.6 424 38
DSDA-II’a 60.1 − 11.8 94.6 417 54
6FDA-II’a 34.7 − 5.2 92.2 388 47
ODPA-II’a 30.4 − 7.4 85.2 387 50
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Table 4   Mechanical and 
thermal properties of the PEIs

a Poly(ether imide)s were obtained by the thermal imidization method with DMAc as solvent
b The quality of cast film was not good enough for tent test
c Midpoint of baseline shift in the second heating DSC trace with a heating rate of 15 oC /min in N2
d Temperatures at which a 10% weight loss was recorded by TGA at a heating rate of 20 oC/min
e Residual weight percentage at 800 oCin N2

Polymera Strength-at-
break (MPa)

Elongation-at-
break (%)

Initial modu-
lus (GPa)

DSC TGA​

Td
d(oC) Char 

yielde 
(wt%)Tgc(oC) In N2 In air

IVa 102 8 2.2 243 579 577 59
IVb 121 8 2.6 252 583 577 64
IVc 95 6 2.0 297 501 501 65
IVd 92 7 2.0 264 522 514 53
IVe 135 12 2.3 234 547 546 63
IVf 90 7 2.0 235 559 561 60
IVg 147 12 2.4 268 579 576 69
Va 111 13 1.7 264 541 521 50
Vb 95 8 2.1 275 548 509 59
Vc 109 13 1.8 288 483 509 64
Vd 99 11 1.5 261 490 496 46
Ve 117 15 1.9 239 522 523 55
Vf 117 13 1.9 258 562 550 65
Vg –b – – 286 539 526 65

Table 5   Moisture absorption 
and dielectric constants of the 
PEIs

a Poly(ether imide)s were obtained by the thermal imidization method with DMAc as solvent
b A reference polyimide prepared from PMDA and 4,4’-oxydianiline (ηinh of the poly(amic acid) precur-
sor = 1.90 dL/g)

Polymera Film thickness 
(μm)

Moisture 
absorption
(% by weight)

Dielectric constant

1 kHz 10 kHz 1 MHz 40 MHz

IVa 45 0.22 2.83 2.79 2.73 2.76
IVb 60 0.26 3.26 3.20 3.12 3.13
IVc 81 0.25 3.35 3.22 3.19 3.25
IVd 67 0.19 2.91 2.83 2.81 2.87
IVe 39 0.21 2.98 2.83 2.78 2.84
IVf 100 0.17 2.81 2.73 2.69 2.74
IVg 42 0.34 3.02 2.96 2.91 2.97
Va 62 0.31 3.50 3.53 3.47 3.53
+-V+9-+b 48 0.37 3.45 3.38 3.32 3.39
Vc 88 0.58 3.61 3.57 3.52 3.62
Vd 79 0.68 3.19 3.18 3.16 3.17
Ve 86 0.36 3.61 3.60 3.54 3.60
Vf 68 0.28 3.30 3.28 3.23 3.29
Kaptonb 40 0.42 3.89 3.85 3.80 3.75
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