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Abstract

Solvent species influence the interactions of dissolved polymers in solution and consequently induce changes in solution
properties. A soluble polyimide was synthesized through polycondensation, and four solvents, namely, N,N-dimethylacetamide
(DMACc), N-methyl pyrrolidone (NMP), N,N-dimethylformamide (DMF), and dimethyl sulfoxide (DMSO), were selected to
investigate systematically the influence of solubility parameter on solution power law behaviors. The power law relationship
between specific viscosity and concentration was established using rheology and applying concepts from the Zimm, Rouse-
Zimm, and Doi-Edwards models. All power law exponents were higher than theoretical predictions, and in the three concentra-
tion regions, i.e. dilute, semidilute unentangled, and semidilute entangled, the exponents increase, decrease, and increase,
respectively, with respect to solubility parameter. Arguments derived from the listed models are proposed to explain these trends.
The influences of solubility parameter on the overlap and entanglement concentrations are also discussed.

Keywords Polyimide - Solution property - Power law exponent - Critical concentration - Solubility parameter

Introduction

Polyimide (PI) is a high-performance polymer that has been
widely used in aerospace, microelectronics, fire protection,
and other fields in the form of resin, fiber, film, and foam
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[1-9]. Generally, conventional PIs are hardly dissolved in most
organic solvents due to their good chemical resistance proper-
ties. However, introducing flexible functional groups, such as
fluoroalkyl group, in PI backbone can reduce the rigidity of the
backbone and increase solubility without sacrificing its thermal
and mechanical properties [10—12]. Thus, the solution behavior
of soluble PIs has been studied. Wu and Siddiq synthesized two
soluble PIs, studied the relationship between the z-average ra-
dius of gyration and weight-average molecular weight, and
found that the two Pls exist as a slightly extended coil confor-
mation in CHCl; [13]. Liu et al. synthesized two isomerized
soluble PIs and studied their solution properties in DMF and
THF with LiBr or tetrabutylammonium bromide. The power
law exponents « and v, which were evaluated from the equa-
tions [17] = K,M* and R, =K ,M", are in the range of 0.66-0.67
and 0.55-0.56, respectively; these findings indicated that the PI
chains exhibit random coil conformation, and the wormlike
model suitably describes these chains in dilute solution due to
local rigidity [14—-16]. Savitski et al. studied the solution behav-
ior of two soluble PIs, i.e., 6FDA-TFDB (see Scheme 1) and
the fully aromatic HFBPDA-TFDB, and found that 6FDA-
TFDB PI chain presents random coil conformation in dilute
THF solution while HFBPDA-TFDB is more rigid [17].
Unfortunately, only few researchers have focused on
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concentrated PI solution. Zhang et al. synthesized one
fluorine-containing soluble PI sample, studied the power
law behavior of viscosity vs. concentration from dilute so-
lution to concentrated regime in DMF, and found that
dipole—dipole interaction is a major factor causing the de-
viation of these exponents from neutral polymers [18].
They also investigated the influence of molecular weight
on power law exponents and found that the system shows
associating behavior for largely high molecular weight
sample in DMF [19, 20]. In addition, they noticed that sol-
vent quality affects the power law exponents markedly
[18].

The effects of solvent feature on polymer solution proper-
ties have been reported in literature. Eom et al. analyzed the
polyacrylonitrile (PAN) solutions in DMF and DMSO with
different solubility parameters; they found that DMF with sol-
ubility parameter close to PAN can dissolve the sample faster
than that of DMSO, but PAN/DMSO solutions are more ho-
mogeneous than DMF [21]. Li et al. demonstrated that solu-
bility parameter not only influences the homogeneity of PAN
solution but also the sol-gel transitions of concentrated PAN
solutions [22]. Antonietti et al. studied the solution viscosity
of polyelectrolyte—surfactant complexes in polar solvents
(DMF, ethanol, and isopropanol), which exhibit polyelectro-
lyte behavior. They also applied modified Hess—Klein ap-
proach to describe the viscosity curves, which depend system-
atically on the dielectric constant of solvents [23]. Antoniou
et al. selected water, formamide, DMSO, and ethanolamine
solvents and investigated the influence of solvent properties
on dextran conformation, including dipole moment, surface
tension, empirical parameter of solvent polarity, and Hansen
solubility parameters. They considered that hydrogen bonding
is the most important contributor to the solubility of dextran in
different solvents [24]. Thus, solvent features significantly
influence the polymer solution properties.

The ratio of mixed DMF/THF solvent can affect the power
law expocnents [18]. To verify this hypothesis, herein, four
kinds of solvents, namely, N,N'-dimethylacetamide (DMAc),
N-methyl pyrrolidone (NMP), N,N'-dimethylformamide
(DMF), and dimethylsulfoxide (DMSO), are selected to ex-
plore the influence of solubility parameter on the power law
exponents and critical concentrations of one soluble 6FDA-
TFDB PI. The Zimm model, Rouse—Zimm model, and Doi—
Edwards model are applied in different concentration regions.

Experimental
Chemicals

2 2 -Bis(trifluoromethyl)-4,4 -diaminobiphenyl (TFDB) and
2,2-bis(3,4- di- carboxyphenyl) hexafluoropropane
dianhydride (6FDA), purchased from Beijing Multi
Technology, was purified by sublimation in a vacuum at
130 °C and 250 °C for 48 h, respectively.
N,N'-dimethylacetamide (DMA, anhydrous, 99.8%) was ob-
tained from Sigma—Aldrich. Dimethylsulfoxide (DMSO),
N,N'-dimethylformamide (DMF), N-methyl pyrrolidone
(NMP), were purchased from Xilong Chemical Co. Ltd. with
AR grade. DMSO was dried over molecular sieve beads
(4 A) and filtered through 0.22 pm filters. NMP was pu-
rified by distillation under reduced pressure after being
dried overnight with CaH,. Tetrabutylammonium bromide
(TBAB, AR) was purchased from Sinopharm Chemical
Reagent Co. Ltd.

Synthesis of polyamic acid solution

Under nitrogen atmosphere, 0.35 mol TFDB and 1600 mL
DMACc were added in a 3 L three-necked flask with a stirring

Scheme 1 Synthetic procedure of 3C CF3 o) CF3
6FDA-TFDB polyimide sample
0 FsC
6FDA TFDB
I o FCCF
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apparatus. After TFDB was dissolved completely, 0.35 mol
6FDA and moderate amount of o-phthalic anhydride were
added into the flask. The mixture was stirred for 48 h at room
temperature, and the dense polyamic acid solution was
available.

Synthesis of polyimide (PI)

Chemical imidization reaction was last for 4 h to get PI solu-
tion after added 0.7 mol triethylamine and 1.4 mol acetic an-
hydride into the above polyamic acid solution. Methanol was
used to precipitate the PI solution and then solid PI sample
was available. In order to obtain thoroughly imidized polyim-
ide, the above solid was put into a vacuum at 300 °C for 5 h.
The synthetic procedure for 6FDA-TFDB polyimide was
shown in Scheme 1.

Fractionation of Pl sample

Typically, THF and water were served as good/poor solvent
pair. In 3 L three-necked flask, 20 g PI sample was dissolved
in 2000 mL THF to get approximately 1 wt% solution at room
temperature. The solution was kept at least 24 h to equilibri-
um. Then appropriate amount of water was added to make the
homogeneous solution turbid. After at least 24 h, the dense
phase and dilute phase were separated by centrifuge. The
dense phase was washed by water and dried in vacuum while
the dilute phase was repeated the previous step for several
times to get different fractions. Then, additional 140 g PI
sample was fractionated through the same procedure. The
obtained fractions were measured by size exclusion chroma-
tography (SEC) to determine molecular weight and polydis-
persity index. The fractions with similar molecular weight
were re-dissolved in THF and precipitated by water and dried
in vacuum. At last, the fraction with narrow polydispersity
index was available to carry out the following experiments.

Instruments and characterization

Fourier transform infrared (FTIR) spectra were recorded on a
Brucker Vertex 70 spectrometer. 'H NMR spectra were mea-
sured with a Brucker AV400 NMR spectrometer using
DMSO-dg as a solvent. Size exclusion chromatography
(SEC) coupled with multidetectors system, including a 515
pump (Waters Technologies), a 717 autosampler (Waters
Technologies), two PL-gel 10 um Mixed B-LS columns
(Agilent Technologies), a ViscoStar Viscometer (Wyatt
Technologies), a 2414 refractive index detector (Waters
Technologies) and a DAWN HELEOS II multi-angle laser
light scattering detector (MALLS) (Wyatt Technologies),
was operated at 35 °C using DMF with 3.1 mmol TBAB as
the mobile phase at a flow rate of 1 mL/min. Rheological
measurements were performed using a TA instruments

DHR-2 stress-controlled rheometer with a cone plate geome-
try (40 mm in diameter, 2° cone plate geometry,56 pm trun-
cation). Peltier plate was used to control the temperature. Two
semicircle 60 mm iron plates were covered around the plate
geometry to prevent solvent evaporation.

Basic characterization of Pl sample

The FT-IR spectrum of PI sample was shown in Fig. S1. The
imide carbonyl group exhibited vibration at 1786 cm ™' (C=0
asymmetric stretching), 1728 cm ' (C=0 symmetric
stretching), 719 cem ' (C=0 banding), and 1364 cem ' (C-N
stretching). And amide groups near 3363 cm ' (N-H stretching)
and 1650 cm ™! (amide C=0 strength) cannot be found, indicat-
ing a complete imidization. The '"H NMR spectrum of PI in
DMSO-dg was shown in Fig. S2. The resonance signals from
different positions confirmed the related chemical structures of
PI sample, which were as follows: § 8.05 (d, J=7.6 Hz, 2H), &
7.94 (s, 2H), 6 7.87 (m, 4H), 4 7.68 (d, J =8.2 Hz, 2H), and 6
7.44(d, J=8.2 Hz, 2H). The molecular weight distribution of
pristine and experimental sample was displayed in Fig. S3.
Based on the results of SEC coupled with multi-detectors, the
absolute molecular weight M, (SEC-MALLS) of experimental
sample was 54,000 and PDI was 1.24.

Results and discussion
Solvent selection

Generally, the overall solubility parameter can be divided into
three individual components, namely, dispersive force (84),
dipole interaction (6,), and hydrogen bonding (8y), i.e.,
82 =064+ 6p2 + 042 The overall solubility parameters of PI
(6FDA-TFDB) calculated by Hoy’s [25] and Fedor’s method
[26] are 24.0 and 24.6 J'? cm >, respectively. The average
value of 24.3 J'% cm > is used in the present study, which is

Table1  Overall and individual solubility parameters of solvents and PI
(6FDA-TFDB)
Solvent Solubility parameter(J"? cm %)

5 6d 6p 6h
DMAc 22.1 16.8 11.5 10.2
NMP 229 17.9 12.3 72
DMF 24.9 17.4 13.7 113
DMSO 26.5 18.4 16.4 10.2
PI* 243 20.0 133 39

# Calculated from Hoy’s and Fedor’s method [25, 26]

@ Springer



39 Page4of 11

J Polym Res (2019) 26: 39

similar to that reported by Savitski [17]. The individual solu-
bility parameters are calculated by using Hoy’s method.

Finally, DMAc, NMP, DMF, and DMSO with solubil-
ity parameters of 22.1, 22.9, 24.9, and 26.5 JV2 em 32

Fig. 1 Shear viscosity against
shear rate for of 6FDA-TFDB PI/
DMACc solutions with different
concentrations at 20 °C, a 0—

11 mg/mL b 20-70 mg/mL ¢
100-220 mg/mL

@ Springer

(Y]

s)

o

ty (Pa

iscosi

Shear v

0.002

iscosity (Pa.s)

Shear v

iscosi

Shear v

=4
=
P

respectively, are selected for the experiment. The overall
and individual solubility parameters of the different sol-
vents and PI sample are listed in Table 1.

—— 11mg/mL
—@— 10mg/mL

—&— 9mg/mL

—¥— 8mg/mL

o A_A_—‘—‘_‘—A—‘—H—H
—4— 7mg/mL

I v ' ' v ' v v —p— 6mg/mL
4t ¢ 4 4 ¢ 4 <4<« —@- 5mg/mL
> > > > > > > > g 4mgmL
0009090909 ¢ ¢ ¢ & 3mymL
o 0o ¢ o o ¢ o o o o DM

&=
-

ty (Pa-s)

0.1

10

—— 80mg/mL
—@— 70mg/mL
—A— 60mg/mL
—¥— 55mg/mL
—<4¢—50mg/mL
—p— 45mg/mL
—@— 40mg/mL
—@— 35mg/mL
—@—30mg/mL
—&— 25mg/mL
—@— 20mg/mL

Shear rate (s71)

.Hlmﬂlﬂm“l“m.."

Gt
e e g a g g a g g g S S 2 2 S S S SN

——220mg/mL
—@—200mg/mL
—&— 190mg/mL

AMMAAAMAAMAADAAMAAMAADAMAAAAL LSS —Tizgmg;m{j
::u—(— mg/m
—p—140mg/mL

VYVVVVVVVVVVVVVVVVVVVVVVVVYVIVV

Vvy— @ 120mg/mL

—@— 100mg/mL

10 100
Shear rate (s™1)

1000



J Polym Res (2019) 26: 39

Page50f 11 39

Flow curves of different solutions at different
concentrations

The variation in the viscosity of PI/DMAc solutions at differ-
ent concentrations (0—220 mg/mL) under 20 °C is shown in
Fig. 1. The zero shear viscosity of PI/DMAc solutions in-
creases gradually from 9.76 x 10™* Pa's to 3.96 Pa-s, while
the concentration increases from 0 mg/mL to 220 mg/mL.
All solutions display Newtonian behavior (linear region) at
low shear rate. When the concentration reaches 100 mg/mL,
shear thinning is observed at higher shear rate. And the critical
shear rate, where the onset of shear thinning occurs, decreases
with increased concentration.

The flow curves for PI/DMAc solution at 25 °C, 30 °C,
35°C, 40 °C, and 45 °C are shown in Figures S4-S8. The flow
curves for PI/NMP, PI/DMF, and PI/DMSO solution at 20 °C,
25 °C, 30 °C, 35 °C, 40 °C, and 45 °C are presented in
Figures S9—S26. Similar trend can be found in Figures S4-S26.

Power law relationship in different concentration
regions and critical concentrations

Herein, three concentration regions, i.e., dilute solution,
semidilute unentangled solution, and semidilute entangled so-
lution, are discussed.

In dilute solution, polymer chains acts as separated coils
and Zimm model is suitable in this situation. The polymer
chain is represented as N beads connected by N— 1 springs
(bead-spring model). Then the relation of viscosity versus
concentration can be expressed as follows [27]:

k

e, = IZOG(f)dtzb—z ¢ly (T—t0> e (— L) dt

1
kT g kT
o (:0) Jox Seap(-x)des 5 GroN* = oN!
(1)

In semidilute unentangled solution, a hydrodynamic screen
length exists. On length scales shorter than the length, the
hydrodynamic interaction domains and the Zimm model is
suitable. When length scales are larger than the length, the
hydrodynamic interaction is screened by the surrounding
chains and Rouse model can be used to describe the relaxation
time 7,,4;,- Finally, the relation of viscosity versus concentra-
tion can be expressed as follows:

. kT & .
s = .[0 G(I)dﬁ?NTC‘ham:ﬁvN(bl/G 1) (2)

In semidilute entangled solutions, the Edwards tube model
was used to describe the entangled polymer dynamics [28].
Here exists a dynamic length scale called Edwards tube
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Fig. 2 Power law relationship between specific viscosity and
concentration for 6FDA-TFDB PI/DMAc solution at 20 °C

diameter «. The relaxation time outside the Edwards tube
diameter T,, can be determined using Edwards tube model
[29]. Finally, the relation of viscosity versus concentration can
be expressed as follows:

N3 ¢
[Ne(l)]z{

In the current work, zero shear viscosity (7)) is used to
estimate the specific viscosity (7). In dilute and semidilute
unentangled solutions, the Newtonian plateau viscosity is con-
sidered as 7). In the semidilute entangled region, 7, can be
determined by the Carreau model [30].

3/3vD) (athermal solvent) (3)

-zGe rep~T)s
M Ns~GeTrep™Ts P43 (6—solvent)

1.3

—|-20C
—-25C
—4A—30C
-w35C
—4—407C
—»—45C

Scaling exponent
b

B YR
oy 12 -3/2
Solubility parameter (J "cm )

Fig. 3 Variation of power law exponent with solvent solubility parameter
for PI sample in dilute solution at different temperatures
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Table 2 Power law exponents in

different solvents at different Solvent 20 °C 25°C 30°C 35°C 40 °C 45°C
temperatures in dilute solution
DMAc 1.18 £ 0.02 1.18 £ 0.03 1.17 £ 0.03 1.16 = 0.03 1.15 +0.03 1.15+0.05
NMP 1.20 + 0.02 1.19 £ 0.02 1.19 £ 0.02 1.19 £ 0.02 1.19 £ 0.02 1.18 £ 0.02
DMF 1.21 +£0.03 1.20 + 0.04 1.20 £ 0.04 1.20 +0.05 1.20 £ 0.05 1.19 £ 0.06
DMSO 1.25 +0.02 1.24 +0.02 1.24 +0.02 1.23 +£0.02 1.23 £ 0.02 1.22 +£0.02
n= Mo (4) The power law exponents between specific viscosity (1,) and
[1 n (7\7)2} o concentration can be obtained in three concentration regions:

where 7, is zero shear viscosity, A is the relaxation time,  is
the shear rate, and # is the exponent of power law.

A typical relationship between specific viscosity 7y, = (1
—ns)/ns and concentration in DMAc solution at 20 °C is
established as shown in Fig. 2. The relationships in DMF,
NMP, and DMSO solutions are shown in Figures S27-S29.

100
®
NMP
~ 90 i D:IF
&0
S~
T 80
é I DZ\’Ac
E
70+
DMSO
[ ]
60 1 1 1
22 24 26
oy 172 -3/2
Solubility parameter (J "cm

Fig. 4 Intrinsic viscosity of 6FDA-TFDB PI sample in different solvents
at 20 °C

Fig. 5 Proposed model for
polyimide chains in different
solvents in dilute solution

~ C1 180024, dilute solution

in semidilute unentangled solution
in semidilute entangled solution

2.52+0.08
C 5

Tlsp

5.20+0.10
nspN C

The theoretical power law exponents for polymers in 0
(good) solvent are 1.0 (1.0), 2.0 (1.3), and 14/3=4.67 (3.9)
in dilute, semidilute unentangled, and semidilute entangled
solutions, respectively [31].

The power law exponents are 1.18, 2.52, and 5.20, which
correspond to dilute, semidilute unentangled, and semidilute
entangled solutions, respectively, for PFDMAc solution at
20 °C. All the power law exponents are higher than the theo-
retical values, which is similar to Zhang’s results [18, 19].

The overlap concentration (C*) and entanglement concen-
tration (C,) are also available. C* is 2.7 wt%, and C, is
8.6 wt% for PI/DMACc at 20 °C.

Influence of solvent solubility parameter on power
law exponent in dilute solution

According to theoretical prediction, the power law exponent,
which is obtained from the relationship between specific vis-
cosity and concentration, is 1.0 for neutral polymer in dilute
solutions [28, 32, 33], such as cellulose 1-ethyl-3-
methylimidazolium acetate solutions. The variation of power

Dilute

Low

Solubility parameter
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Fig. 6 Relationship between power law exponent and solubility
parameter for 6FDA-TFDB PI sample in semidilute unentangled solution
at different temperatures

law exponent with solvent solubility parameters at different
temperatures in dilute solution is shown in Fig. 3. The details
are listed in Table 2. At 20 °C, the power law exponents are
1.18,1.20, 1.21, and 1.25 in DMAc, NMP, DMF, and DMSO,
respectively. All the power law exponents are higher than the
theoretical values and these values are rather close at various
temperatures. Zhang reported that the deviation of power law
exponents in dilute solution is due to the interaction between
polymer coils [18]. In infinite dilute concentration region,
each polymer chain can be considered a random coil with a
hydrodynamic volume. These coils separate apart and can’t
feel each other. The radius of polymer coils can be affected by
solvent type, which is shown in Fig. 4. The [n] values of
these solutions are determined from the Huggins and
Kraemer equations [34, 35], which are 80, 97, 91, and
63 mL/g at 20 °C in DMAc, NMP, DMF, and DMSO,
respectively, following the order NMP >DMF >DMAc¢
> DMSO. We believe that the concentration exponent
is exactly 1.0 in infinite dilute solution. As concentra-
tion increases, the possibility that polymer coils interact
with each other increase. This interaction is the main
factor causing the power law exponents higher than
1.0. The power law exponents increase with solubility
parameter in this concentration region. As shown in
Fig. 5, a model is proposed to understand the results
in solvents with different solubility parameters.

Solvents with different solubility parameters exhibit dif-
ferent powers in screening dipole—dipole interaction,
thereby influencing the polymer coil radius. Among
the four solvents, DMSO demonstrates the highest sol-
ubility parameter, which represents the high polarity of
solvent. DMSO can screen the intrachain interaction and
extend the polymer chain, which means an increased
possibility to contact each other between polymer coils
in dilute solution. Thus, the deviation in power law
exponent is the highest in PI/DMSO solution. On the
contrary, the deviation in power law exponent is the
lowest in PI/DMAc solution.

As shown in Table 2, the power law exponents are 1.18,
1.18, 1.17, 1.16, 1.15, and 1.15 when the temperature in-
creases from 20 °C to 45 °C. This result shows slightly
decreased trend with increased temperature. The conforma-
tional entropy plays a larger role at higher temperature,
which means the interaction between polymer coils be-
comes weaker. Additionally, increased temperature makes
solvent better for PI, which indicates the increase in poly-
mer coil radius. These reasons result in slightly decreased
power law exponents with increased temperature.

Influence of solvent solubility parameter on power
law exponent in semidilute unentangled solution

According to theoretical prediction, the power law exponent is
1.3 (good solvent)-2.0 (0 solvent) for neutral polymer in
semidilute unentangled solution [28, 32, 33]. The variation
in power law exponent with solubility parameters at different
temperatures in semidilute unentangled solution is shown in
Fig. 6. Results are also listed in Table 3. At 20 °C, power law
exponents are 2.52, 2.38, 2.30, and 2.21 in DMAc, NMP,
DMF, and DMSO, respectively, and the corresponding solu-
bility parameters increase from 22.1 J2 em™32 to
26.5 J'2 cm™?. Under other temperatures, power law expo-
nents exhibit the same trend with solvent solubility parameter.
At 45 °C, the power law exponents are 2.48, 2.33, 2.28, and
2.16 in DMAc, NMP, DMF, and DMSO, respectively.
Notably, all the power law exponents are higher than the the-
oretical value (1.3-2.0). In semidilute unentangled region, the
polymer coils overlap, and the Zimm and Rouse models suit-
ably describe the inside and outside of a blob, respectively. In
previous work, the deviation of power law exponents in

Table 3 Power law exponents in

different solvents at different Solvent 20 °C 25 °C 30 °C 35°C 40 °C 45 °C

temperatures in semidilute

unentangled solution DMAc 2.52 £0.08 2.50 + 0.08 2.49 +0.09 2.48 +0.09 2.48 +0.09 2.48 £0.09
NMP 2.38 £ 0.06 2.37 £ 0.06 2.36 £ 0.06 2.35+0.06 2.35 £ 0.06 233 +£0.06
DMF 2.30 = 0.05 2.30 £ 0.05 2.29 +0.05 2.29 +£0.05 2.28 £ 0.05 228 £0.06
DMSO 2.21 £ 0.08 2.22 £0.08 2.19 £ 0.08 2.18 £ 0.08 2.17 £ 0.08 2.16 £0.08
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Fig. 7 Proposed model for
polyimide chains in semidilute
unentangled solution

\&3
N\
=>)

Solubility parameter

Low

6FDA-TFDB PI/DMF solution is mainly due to the dipole—
dipole interactions from interchain segments and 7t—7t stack-
ing, which are also called the relatively weak interactions [18].
A model is proposed in Fig. 7. Given the effects of solvent on
the interaction between chain segments, the use of effective
weak interaction space indicated in the red circle explains the
presented results. When the red circles overlap, the weak in-
teraction between chain segments causes an increase in the
power law exponent. When the solvent solubility parameter
increases, the scale of the effective weak interaction space
decreases. The overlapping area also decreases, which
weakens the interaction between chain segments. Thus, the
power law exponent shows a decreased trend with solubility
parameters.

The power law exponents decrease with temperature,
which is demonstrated in Fig. 6 and Table 3. For example,
the power law exponents in DMAc are 2.52, 2.50, 2.49,
2.48, 2.48, and 2.48 when the temperature increases from
20 °C to 45 °C. When the polymer concentration exceeds
overlap concentration, the interactions between chains be-
come dominant. In the Zimm—Rouse model, the specific vis-
cosity in semidilute unentangled solution can be expressed as
in Eq. (2). With increased temperature, solvents become better
for PI (increased v), leading to the decrease of the power law
exponents. The conformational entropy plays a larger role at
higher temperature, which means the interaction between
polymer segments becomes weaker. Thus, the power law ex-
ponent decreases with increased temperature.

Influence of solvent solubility parameter on power
law exponent in semidilute entangled solution

The theoretical power law exponent is in the range of 3.9
(good solvent)—4.67 (0 solvent) for neutral polymer in
semidilute entangled solution [28, 32, 33]. The variation in
power law exponents with solvent solubility parameters at
different temperatures in semidilute entangled solution is
shown in Fig. 8. The details are also listed in Table 4. At
20 °C, the power law exponent increases from 5.20 (in
DMACc) to 5.65 (in DMSO) when the solubility parameter

@ Springer

changes from 22.1 J'? cm > to 26.5 ' cm . The power
law exponents follow the same trend at 25 °C—45 °C. All the
power law exponents are much higher than the theoretical
value. In semidilute entangled solution, the polymer chains
topologically constrain and entangle with one another, and
the Doi—Edwards tube model suitably describes this case
[28]. PI segments interact with the “tube” formed by sur-
rounding chains, which inhibits the reptation of PI chain from
the “tube”. And this is the main factor causing the deviation in
the power law exponent in semidilute entangled solution [18].
As shown in Fig. 9, the relatively weak interaction (i.e.,
dipole—dipole and 7t—7t interactions) space (red circle) inter-
acts with the “tube”. When the radius of the red circles over-
laps with the “tube” radius, the interaction between the PI
segments and the “tube” is eliminated. When the solvent sol-
ubility parameter increases, the scale of the relatively weak
interaction space decreases. Consequently, the interaction be-
tween the chain segments and the “tube” is enhanced, which
inhibits the reptation of PI chain from the tube, thereby in-
creasing the power law exponents.

6.0 -
—-20TC
- —-—25C
5 | —&—30C
= —9—35C
=) —4-40C
Q. 55 »45C
-
5]
&0
=
Z 50
g5
22 24 26
oy 172 -3/2
Solubility parameter (J ‘cm )

Fig. 8 Relationship between power law exponent and solubility
parameter for 6FDA-TFDB PI sample in semidilute entangled solution
at different temperatures
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Table 4 Power law exponents in

different solvents at different Solvent 20 °C 25°C 30°C 35°C 40 °C 45°C

temperatures in semidilute

entangled solution DMAc 520 +0.10 5.20 + 0.08 5.14 £ 0.07 5.09 £ 0.06 5.04 £ 0.06 4.96 + 0.06
NMP 5.44 £0.11 5.39 £0.11 532 +£0.11 524 £0.11 520+ 0.12 5.11 £0.11
DMF 5.50 £0.07 5.44 £0.09 5.40 £ 0.09 536 £0.10 531 +£0.10 524 £0.10
DMSO 5.65+£0.11 5.54 £ 0.14 545 +0.13 5.45 +0.13 541 £0.14 531 +0.10

In Fig. 8 and Table 4, the power law exponents decrease
with increased temperature in semidilute entangled solution.
For example, the power law exponents in DMAc are 5.20,
5.20, 5.14, 5.09, 5.04, and 4.96 when the temperature in-
creases from 20 °C to 45 °C. When the concentration of poly-
mer solutions is above the entanglement concentration, the
specific viscosity can be expressed as in Eq. (3). When the
temperature increases, solvents become better for PI (in-
creased v), leading to the decrease of the power law exponents.
The conformational entropy plays a larger role at higher tem-
perature, which means the interaction between chain segments
and the “tube” becomes weaker. Thus, the power law expo-
nent decreases with increased temperature.

Influence of solvent solubility parameter on overlap
concentration (C*) and entanglement concentration
(Ce)

The variation in overlap concentration with solvent solubility
parameter at different temperatures is shown in Fig. 10. At
20 °C, the C* values are 2.7 wt%, 2.2 wt%, 2.0 wt%, and
1.7 wt% when the solubility parameters are 22.1, 22.9, 24.9,
and 26.5 J' em 2, respectively. The details are listed in
Table 5. The overlap concentration decreases with increased
solubility parameter. Solvents with different solubility param-
eters exhibit different powers in screening dipole—dipole in-
teraction. Thus, polymer coil radius changes with solubility
parameter. Solvent with high polarity can screen the intrachain
interaction effectively and extend the polymer chain, which
means the increased possibility to contact each other between

Fig. 9 Proposed model for
polyimide chains in semidilute
entangled solution

polymer coils. Thus, the overlap concentration decreases with
increased solubility parameter. As shown in Fig. 10 and
Table 5, the C* in different solvent decreases slightly with
decreasing temperature. Increased temperature can make the
solvent become better, and increase the polymer coil radius,
which increases the possibility for polymer chain to contact
with each other. Thus, the overlap concentration decreases
with increased temperature.

The variation in the entanglement concentration (C,) with
solubility parameter at different temperatures is illustrated in
Fig. 11. The detailed results are listed in Table 6. At 20 °C, the
C, values are 8.6 wt%, 8.0 wt%, 8.1 wt%, and 7.3 wt%, which
correspond to the solubility parameters of 22.1, 22.9, 24.9,
and 26.5 J'? cm >, respectively. At 40 °C, the corresponding
C. values are 8.5 wt%, 8.1 wt%, 8.0 wt%, and 7.2 wt%.
Evidently, C. decreases with solvent solubility parameter.
The larger radius of PI chains also suggests increased possi-
bility of entanglement. Therefore, the entanglement concen-
tration decreases with increased solubility parameter.
Increasing temperature also increases the radius of polymer
coils and the possibility for polymer chains to contact with
each other. Thus, C. also decreases with increased
temperature.

Conclusions

DMAc, NMP, DMF, and DMSO are selected to investigate the
influence of solvent solubility parameter on power law expo-
nents and critical concentrations at 20 °C—45 °C in 6FDA-

Semidilute entangled

Solubility parameter

Low

T ——

High
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Fig. 10 Relationship between overlap concentration and solubility
parameter for 6FDA-TFDB PI sample at different temperatures

-
n

TFDB PI solutions. By using rheometer and applying Zimm
model (dilute solution), Rouse—Zimm model (semidilute
unentangled solution), and Doi—Edwards model (semidilute
entangled solution), we obtain the power law exponents and
critical concentrations. Results show that all the power law
exponents are higher than the theoretical prediction. In dilute
solution, power law exponents increase with increased solu-
bility parameter because of the different powers of solvents in
screening weak interaction. In semidilute unentangled solu-
tion, power law exponents decrease with solubility parameter
because the scale of the effective dipole—dipole interaction
space becomes small. In semidilute entangled solution, in-
creased solvent solubility parameter results in stronger inter-
action between the chain segments and the “tube” formed by
surrounding polymer chains, which inhibits the reptation of PI
chain from the tube and increases the power law exponents.
Moreover, the overlap concentration (C*) and entanglement

8.5

8.0

75

7.0 — - L -
22 24 26
172 -3/2

Solubility parameter (J "cm )

Fig. 11 Relationship between entanglement concentration and solubility
parameter for 6FDA-TFDB PI sample at different temperatures

Entanglement concentration (wt%)

@ Springer

Table 5 Overlap concentration C* of PI solutions at different
temperatures (wt%)

Solvent ~ 20°C  25°C 30°C 35°C 40°C 45°C
DMAc 2.7 2.7 2.7 2.7 2.7 2.7
NMP 22 2.1 2.1 2.1 2.1 2.0
DMF 2.0 2.0 2.0 2.0 1.9 1.9
DMSO 1.7 1.6 1.7 1.7 1.7 1.7

Table 6 Entanglement concentration C. of PI solutions at different
temperatures (wt%)

Solvent 20 °C 25 °C 30 °C 35°C 40 °C 45 °C
DMAc 8.6 8.6 8.6 8.6 8.5 84
NMP 8.0 8.0 8.1 8.1 8.1 8.0
DMF 8.1 8.0 8.0 8.0 8.0 8.0
DMSO 7.3 7.3 72 7.2 7.2 7.1

concentration (C,) decrease with increased solubility parame-
ter due to the increased polymer coil radius in solutions.
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