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Abstract Polyimde (PI) samples with different molecular
weights were synthesized. Based on SEC coupled with
multidetectors measurement and Yamakawa-Fujii-Yoshizaki
(YFY) model, eight soluble samples with absolute Mw from
40,600 g/mol to 197,000 g/mol are chosen and applied to inves-
tigate the influence of molecular weight on scaling exponents
and critical concentrations at 20–45 °C in dilute, semidilute
unentangled, and semidilute entangled solutions. Most of the
scaling exponents are higher than the theoretical values in three
concentration regions, and scaling exponent increases with mo-
lecular weight; overlap concentration (C*) increases and entan-
glement concentration (Ce) decreases with molecular weight.
Considering bead-bead interaction, corrected bead-spring mod-
el can explain the related results. Finally, the relationship among
C*, Ce, and molecular weight is established at different temper-
atures (from 20 °C to 45 °C), and two linear equations are
available at each temperature. Thus, both C* and Ce are calcu-
lated at a fixed molecular weight. And from C/C* and C/Ce

ratios, the morphology of PI fiber during electrospinning can
be controlled. These results are helpful to guide the preparation
of polyimide solutions for different processing.
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Introduction

In recent years, polyimide has become more and more impor-
tant in various industrial products, such as resin, film, fiber,
and foam [1–8]. However, conventional polyimide products
such, as Kapton and Upilex, are insoluble in organic solvents,
thereby inhibiting its applications in many fields. People
found that introducing fluoroalkyl groups can inhibit π–π
stacking and increase polarity, thereby facilitating solvent in-
teraction with PI segments and increasing solubility [9].

Based on the scaling relationship between specific viscosity
ηsp and concentration, the polymer solution can be divided into
three different concentration regions: dilute (below overlap
concentration C*, polymer chains act as coils and separate
apart from each other in solution); semidilute unentangled
(when C* < C < Ce, polymer coils overlap with each other
and dominate the physical properties of solution) and
semidilute entangled (when polymer concentration above en-
tanglement concentrationCe, polymer chains begin to entangle
with each other and influence the dynamic properties of solu-
tion). Thus, on the basis of different concentration, it is neces-
sary to discuss the properties of polymer solution separately.

In our previous work [10], one soluble PI was synthesized by
polycondenzation of 2,2 ′-bis(trifluoromethyl)-4,4 ′-
diaminobiphenyl (TFDB) and 2,2-bis(3,4-dicarboxy- phenyl)
hexafluoropropane dianhydride (6FDA), and it exhibited good
solubility in DMF and THF in various concentration ranges.
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Based on rheological data and scaling theory, scaling relationship
between specific viscosity (ηsp) and concentration is established,
and influence of factors on critical concentration and scaling
exponents are discussed [10]. It is demonstrated that dipole-
dipole interaction is the main factor for inducing the deviation
of scaling exponents from dilute to semidilute entangled solution.

Definitely, molecular weight of polyimide is one of the
most important factors in the process. Liu and coworkers stud-
ied two isomerized polyimides and found that soluble PI chain
acts as a flexible chain with local rigidity [11, 12]. That is, if
the molecular weight decreased to a critical value, polyimide
chain behavior will become rigid. Moreover, for samples with
low molecular weight, entanglement points are not enough

among polyimide chains, which will influence final product
application. Thus, it is necessary to analyze the solution be-
havior of polyimide samples with different molecular weights
in different concentration ranges.

The relationship between scaling exponent and molecular
weight for neutral polymer was studied in literature [13].
Pankaj et al. synthesized poly(methyl methacrylate)
(PMMA) samples with different molecular weights (Mw from
12,470 g/mol to 365,700 g/mol) and studied the relationship
between η0 and concentration. However, for samples with
different molecular weights, all data was in one straight line
in the same concentration regime, i.e., scaling exponent is
independent of molecular weight. However, as demonstrated
in our previous work, the behavior of this polyimide solution
cannot be described as neutral polymer solution. Thus, it is
necessary to analyze the relationship between scaling expo-
nent and molecular weight in different concentration ranges.

In this study, soluble 6FDA-TFDB polyimides with different
molecular weights are synthesized and fractionated. Using size
exclusion chromatography (SEC) coupled with multidetectors,

Scheme 1 Synthetic procedure
of 6FDA-TFDB polyimide
sample

Table 1 Molecular weight information for 6FDA-TFDB PI samples

Sample Absolute Mw PDI Rg (nm)

PI-1.4 W 14,600 1.31 8.1

PI-1.5 W 15,600 1.40 6.6

PI-2.7 W 27,300 1.50 6.7

PI-3.3 W 32,900 1.19 7.4

PI-4.1 W 40,600 1.38 9.0

PI-5.5 W 55,200 1.23 11.1

PI-5.6 W 56,200 1.18 11.4

PI-6.8 W 68,000 1.16 12.4

PI-7.9 W 79,400 1.25 14.5

PI-9.2 W 92,300 1.40 15.4

PI-10 W 104,000 1.27 17.0

PI-11 W 108,000 1.25 17.3

PI-12 W 116,000 1.45 18.4

PI-13 W 133,000 1.25 18.7

PI-14 W 136,000 1.22 19.1

PI-20 W 197,000 1.40 24.3
Fig. 1 Relationship between intrinsic viscosity and molecular weight
from SEC coupled with viscometer detector. Data was fitted by PI-
1.4W, PI-4.1Wand PI-12W three different molecular weight PI samples
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the absolute weight-average molecular weightMw, the radius of
gyration Rg, the intrinsic viscosity [η] can be obtained and the
relationship among them can be established. Based on YFY
model, soluble polyimide samples with different molecular
weights (absolute Mw from 40,600 g/mol to 197,000 g/mol)
are chosen. Based on rheological data and scaling theory, the
scaling relationship between specific viscosity (ηsp) and con-
centration is established, and the influence of molecular weight
on critical concentration and scaling exponents are extensively
discussed.

Experimental

Chemicals

2,2
′-Bis(trifluoromethyl)-4,4′-diaminobiphenyl (TFDB), 2,2-

bis(3,4-dicarboxy- phenyl)hexafluoro- propane dianhydride
(6FDA) , were purchased from Beijing Multi Technology.
Before reaction, all the materials were purified by sublimation.
In order to reduce the effect of water, N,N-dimethylacetamide
(DMAc) was dried in the presence of P2O5 overnight and the
reaction was carried out at the room temperature with relative
humidity less than 50%. N,N-dimethylformamide (DMF) as
solvent was spectrum purification. Tetrabutylammonium bro-
mide (TBAB, AR) was purchased from Sinopharm Chemical
Reagent Co., Ltd. Other chemicals were used as received
without further purification.

Synthesis of polyamic acid (PAA) solution

In 3 L three-necked flask, 0.35mol TFDBwas added in approx-
imately 1600 mL of N,N-dimethylacetamide (DMAc), stirred
until TFDB was dissolved completely. Then the same molar
amount of 6FDA and different amount of o-phthalic anhydride
(end capping agent) were added and the mixture was stirred for
48 h at ambient temperature under nitrogen atmosphere.

Synthesis of polyimide (PI)

0.7 mol triethylamine and 1.4 mol acetic anhydride were
added into the above PAA solution, the mixture reacted for
4 h to yield homogeneous solution. Then the solution was
poured slowly into methanol for precipitation. The solid was
washed thoroughly with methanol, and then redissolved in
DMAc and precipitated in methanol again to obtain a purified
sample. Finally, it was imidized and dried in a vacuum tube at
350 °C. The synthetic procedure for 6FDA-TFDB polyimide
was shown in Scheme 1.

Precipitation fractionation of PI sample

PI sample (6FDA-TFDB)was dissolved in THF to get 1 wt% PI
solution in 2000mL round-bottomed flask, then the temperature
was raised to 25 °C (5 °C higher than the room temperature) and
kept at least 24 h to make sure a homogeneous solution. Then
the water as a precipitator was added dropwise to above PI
solution. When enough water was added in the solution, the
precipitation appeared. Then appropriate amount of water was
added to make the solution turbid enough, and the temperature
was kept at 25 °C at least 24 h to reach an equilibrium of
dissolution-precipitation. Then the precipitated PI sample was
collected by centrifugation (8000 rpm, 20 min), washed by wa-
ter twice and dried in vacuum. The filtrate was repeated the
previous step several times to get different fractions.

Fig. 2 Variation of the Mark-Houwink-Sakurada (MHS) exponent α
with molecular weight for PI samples

Table 2 lp, ML and d for PI sample in DMF with 3.1 mM TBAB at
35 °C

Sample lp
a (nm) ML (nm

−1) d (nm) lp
b (nm)

PI-4.1 W 2.22 212 0.519 2.18

a lp is estimated from Eq. (3)–(8) with intrinsic viscosity and molecular
weight
b lp is estimated from Eq. (10) with z-average radius of gyration and
molecular weight

Fig. 3 Relationship between scaling exponent and molecular weight in
dilute solution
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Measurements

FT-IR and 1H NMR measurements

Fourier transform infrared (FTIR) spectra were recorded on a
Brucker Vertex 70 spectrometer. 1H NMR spectra were re-
corded using a Bruker AV400 NMR spectrometer in deuter-
ated trichloromethane (CDCl3 with 0.05% v/v TMS).

Size exclusion chromatography with multi-detectors tests

Size exclusion chromatography (SEC) coupled with
multidetectors systems consists of a 515 pump (Waters
Technologies), a 717 autosampler (Waters Technologies),
two PL-gel 10 μm Mixed B-LS columns (Agilent
Technologies), a DAWN HELEOS II multi-angle laser light
scattering detector (MALLS) (Wyatt Technologies), a
ViscoStar Viscometer (Wyatt Technologies) and a 2414 re-
fractive index detector (RI) (Waters Technologies). The SEC
systemwas operated at 35 °C using DMFwith 3.1 mMTBAB
as the mobile phase at a flow rate of 1 mL/min. In order to get
the absolute molecular weight, the following procedure was
carried out. (1) To get the optical constant of MALLS, the
chromatographic toluene was used as mobile phase. And the
optical constant can be calculated byASTRAV5.3.4 software.
(2) To get the refractive index increment (dn/dc) of different
molecular weight PI samples, five different concentrations

(from 1 mg/mL to 5 mg/mL) were injected and dn/dc value
can be obtained from the slope of line. The results were listed
in Table S1. (3) Correction of scattering volume of different
angle was carried out using narrow distribution PS standard
(nominated Mw 30,000). (4) Absolute weight-average molec-
ular weight, radius of gyration and exponent α in Mark-
Houwink-Sakurada (MHS) equation were determined using
ASTRAV5.3.4 software (Wyatt Technologies).

Rheological tests

All rheological measurements for PI/DMF solutions were car-
ried out with a TA instruments DHR-2 stress-controlled rhe-
ometer where a 40 mm, 2° cone plate geometry was used.
Temperature-controlled Peliter plate was used to control the
temperature. The sweep of frequency was chosen from 1 to
1000 rad/s. In order to prevent the evaporation of solvent, two
semicircle iron plates with radius of 60 mm were covered
around the plate geometry, and silicone grease was filled
around the gap of the iron plates.

Basic characterization of PI samples

Figures S1 and S2 confirmed the chemical structure of PI
samples. For FT-IR result, the peak at 1786 cm−1 was assigned
to C = O asymmetric stretching vibration; the peak at
1726 cm−1 came from C = O symmetric stretching vibration;

Table 3 Scaling exponents of PI
samples with different molecular
weights at different temperatures
in dilute solution

Sample 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C

PI-4.1 W 1.07 ± 0.04 1.04 ± 0.04 0.98 ± 0.06 0.99 ± 0.05 1.01 ± 0.06 0.97 ± 0.06

PI-5.6 W 1.09 ± 0.04 1.06 ± 0.03 1.03 ± 0.02 1.03 ± 0.01 1.02 ± 0.01 1.00 ± 0.01

PI-6.8 W 1.11 ± 0.00 1.10 ± 0.04 1.06 ± 0.00 1.04 ± 0.02 1.03 ± 0.11 0.98 ± 0.12

PI-9.2 W 1.18 ± 0.03 1.13 ± 0.01 1.07 ± 0.01 1.04 ± 0.02 1.03 ± 0.02 1.01 ± 0.02

PI-10 W 1.19 ± 0.03 1.17 ± 0.02 1.14 ± 0.03 1.10 ± 0.01 1.12 ± 0.04 1.06 ± 0.05

PI-12 W 1.25 ± 0.02 1.23 ± 0.01 1.20 ± 0.01 1.20 ± 0.01 1.19 ± 0.01 1.14 ± 0.02

PI-14 W 1.31 ± 0.06 1.30 ± 0.05 1.26 ± 0.04 1.28 ± 0.04 1.28 ± 0.04 1.25 ± 0.03

PI-20 W 1.40 ± 0.04 1.38 ± 0.06 1.35 ± 0.05 1.30 ± 0.05 1.31 ± 0.07 1.28 ± 0.05

Fig. 4 Schematic of interaction
of polymer coils with molecular
weight
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the peak at 1364 cm−1 was due to C-N stretching vibration.
These three peaks indicated the presence of imide ring. For 1H
NMR result, the resonance signals from different positions are
as follows: δ 8.22 (d, J = 7.6 Hz, 2H), δ 7.98 (s, 2H), δ 7.94
(m, 4H), δ 7.75 (d, J = 8.2 Hz, 2H), δ 7.52 (d, J = 8.2 Hz, 2H).
Moreover, from the 1H NMR result, we cannot detect the
signal of –COOH and –NH- group, which demonstrated that
the polyimide is fully imidized. Fig. S3 was GPC curves and
detailed information on molecular weight of samples was
listed in Table 1.

Results and discussion

Selection of samples

Based on Mark-Houwink-Sakurada (MHS) equation:

η½ � ¼ KMα ð1Þ

The exponent α can be obtained from the slope between [η]
and Mw [14]. Using SEC-multidetector system, absolute Mw

and the exponent α in Mark-Houwink-Sakurada (MHS) equa-
tion of PI samples can be obtained. Figure 1 is the relationship
between [η] and molecular weight of PI sample in a wide

molecular weight range. It can be seen that, the slope between
[η] and Mw increases as the molecular weight decreases. And
Fig. 2 shows that as theMw is below 30,000 g/mol, the exponent
α is in the range of 0.68 ~ 0.76 and decreases with Mw, which
indicates that the PI chains become rigid in solution. When
molecular weight is larger than 30,000, exponent α is in the
range of 0.61 ~ 0.64, indicating flexible chains in good solvent.

As previous work reported [11, 12], soluble PI chain acts as
a flexible chain with local rigidity. Thus, it is necessary to use
Kratky-Porod wormlike chain model [15] to analyze the PI
chain. Yamakawa-Fujii-Yoshizaki (YFY) proposed wormlike
cylinder model [16], which can be used to evaluate the persis-
tent length (lp) of semi-flexible molecules. The relationship
between [η] and molecular weight for unperturbed polymer
chain can be expressed as [16–18]:

η½ �0 ¼ Φ0;∞ h2
� �

0
=M

� �3=2
M 1=2

� �
Γ1 L;D; lp

� 	 ð2Þ

where Φ0,∞ is a constant, Φ0,∞ = 2.87*1023; <h2 > 0 is mean
square end-to-end distance;Γ1(L, d, lp) is a function of contour
length L, polymer chain diameter d and persistence length lp.
According to YFY theory, it is suitable to express the polymer
chain behavior of (1) rodlike at low M, (2) wormlike at inter-
mediate M, (3) random coil at high M.

Bohdanecky introduced an approximate expression for
Γ1(L, d, lp), which can be expressed as [18]:

M 2= η½ �0
� 	1=3 ¼ Aη þ BηM 1=2 ð3Þ

Aη ¼ A0MLΦ
−1=3
0;∞ ð4Þ

Bη ¼ B0Φ
−1=3
0:∞ 2lp=ML

� 	−1=2 ð5Þ

whereML is the shift factor; B0 is a constant, B0 = 1.05; A0 is a
parameter related to the reduced backbone diameter dr, dr = d/
2lp. The result is shown in Fig. S4. Good linearity over a wide
molecular weight range is obtained, which demonstrates that
YFY theory can describe the PI chain behavior (the deviation at
M > 106 results from the excluded volume effect [18]). Aη and
Bη can be obtained from the intercept and slope, respectively.

Fig. 5 Relationship between scaling exponent and molecular weight in
semidilute unentangled solution at 20 °C

Table 4 Scaling exponents of PI
samples with different molecular
weights at different temperatures
in semidilute unentangled
solution

Sample 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C

PI-4.1 W 1.68 ± 0.05 1.65 ± 0.04 1.62 ± 0.04 1.62 ± 0.04 1.61 ± 0.03 1.60 ± 0.04

PI-5.6 W 1.96 ± 0.06 1.96 ± 0.05 1.95 ± 0.13 1.95 ± 0.06 1.94 ± 0.08 1.88 ± 0.08

PI-6.8 W 2.01 ± 0.10 2.01 ± 0.12 2.01 ± 0.11 2.02 ± 0.10 2.01 ± 0.09 2.01 ± 0.07

PI-9.2 W 2.06 ± 0.05 2.04 ± 0.06 2.03 ± 0.04 2.03 ± 0.04 2.03 ± 0.03 2.03 ± 0.03

PI-10 W 2.17 ± 0.13 2.17 ± 0.13 2.15 ± 0.13 2.12 ± 0.13 2.12 ± 0.12 2.10 ± 0.14

PI-12 W 2.29 ± 0.02 2.26 ± 0.03 2.24 ± 0.03 2.23 ± 0.03 2.23 ± 0.03 2.21 ± 0.02

PI-14 W 2.51 ± 0.04 2.50 ± 0.04 2.50 ± 0.04 2.50 ± 0.04 2.49 ± 0.04 2.49 ± 0.05

PI-20 W 3.37 ± 0.03 3.39 ± 0.03 3.41 ± 0.03 3.41 ± 0.04 3.46 ± 0.06 3.49 ± 0.09
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For A0, it is related to reduced backbone diameter dr

d2r=A0 ¼ 4Φ0;∞B4
η= 1:215πNAρAη

� 	 ð6Þ

log d2r=A0

� 	 ¼ 0:173þ 2:518log dr dr ≤0:1ð Þ ð7Þ

log d2r=A0

� 	 ¼ 0:795þ 2:78log dr 0:1≤dr ≤0:4ð Þ ð8Þ

where NA is Avogadro’s constant and ρ is the density of sol-
ute. The density of our sample is 1.38 g/cm3. Thus, lp,ML and
d can be calculated from the equation above, and the results
are listed in Table 2. Compared with some flexible polymer
chain results, the PI persistence length lp (2.22 nm) is larger
than polystyrene in cyclohexane (0.9 ~ 1.0 nm), PMMA in
benzene (1.4 nm); but much smaller than trinitrocellulose in
acetone (14.5 nm) [19].

The length of monomer lu can be calculated from bond
length and bond angle [20], lu = 2.15 nm. It can be seen
that, the local rigidity of PI chain comes from the rigidity
of monomer. The contour length L can be calculated from
the equation below:

L ¼ nLu ¼ Mw=M ulu ð9Þ

From the light scattering result, for PI-4.1 W sample, the
contour length L = 120.1 nm, and L/lp = 54.1 ≫ 1. And it can
be regarded as a flexible chain.

Moreover, based on the radius of gyration, we can also
calculate the persistence length from the equation below [21]

R2
g

D E
0
¼ l2p 2

L
lp
−1þ exp −

L
lp


 �
 �
lp
L


 �2

−1þ 1

3

L
lp

" #
ð10Þ

For PI-4.1 W, lp = 2.18 nm, which is nearly the same as the
result of YFY model.

Based on the above results, eight samples with higher mo-
lecular weights, PI-4.1 W, 5.6 W, 6.8 W, 9.2 W, 10 W, 12 W,
14 W, and 20 W, from 40,600 g/mol to 197,000 g/mol, are
chosen for this study.

Relationship between scaling exponent and molecular
weight of PI samples in dilute solution

The theory predicts that, based on the relationship between ηsp
and concentration, the scaling exponent is 1.0 for neutral poly-
mer in dilute solution [27]. And Fig. 3 shows the relationship
between scaling exponent and molecular weight of PI samples
at different temperatures in dilute solution. The details are also
listed in Table 3. The black line shows the theoretical scaling
exponent in dilute solution. From PI-4.1 W to PI-20 W at
20 °C, scaling exponent increases from 1.07 to 1.40; at
45 °C, corresponding scaling exponent increases from 0.97
to 1.28. Almost all the scaling exponents are higher than the
theoretical value of 1.0, and they increase as the molecular
weight increases and temperature decreases. The scaling ex-
ponents for PI-4.1 W at 30–45 °C are very close to 1.0.

In our previous work [10], scaling exponent deviation had
been discussed, and it was found that polymer coils tend to
interact with each other due to heterogeneity in dilute polymer
solution. Here, corrected bead-spring models are applied to
explain the above result. Increasing the molecular weight
makes the number of beads and spring increase, which in-
creases the interaction between beads (see Fig. 4). Moreover,
increasing molecular weight makes dilute polymer solution

Fig. 6 Variation of scaling exponents of PI samples with molecular
weights at different temperatures in semidilute unentangled solution

Fig. 7 Schematic of interchain
interaction with molecular weight
of PI samples in semidilute
unentangled solution
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become more heterogeneous. Increasing the interaction be-
tween beads decreases polymer coil radius, which increases
the heterogeneity of dilute polymer solution. The result of the
relationship between overlap concentration and temperature
also demonstrates this. Finally, interaction between polymer
coils and deviation of scaling exponent both increase.

Raising the temperature can also increase Brownianmotion
of polymer coils, which weakens the interaction between
polymer coils and decreases the deviation of scaling exponent.
In fact, for PI-4.1W, when temperature reaches a critical value
(30 °C), scaling exponent decreases to theoretical region. That
is, the interaction between polymer coils is too small to influ-
ence the scaling exponent. Above 30 °C, the interaction be-
tween polymer coils cannot influence the scaling exponent,
and the scaling exponent remains at constant.

Relationship between scaling exponent and molecular
weight of PI samples in semidilute unentangled solution

The theory predicts that, based on the relationship between ηsp
andconcentration, the scalingexponent is1.3 (goodsolvent)~2.0
(θ solvent) for neutral polymer in semidilute unentangled solu-
tion [27]. And Fig. 5 shows the relationship between scaling
exponent and molecular weight of PI samples in semidilute
unentangled solution at 20 °C. Results are also found in
Fig. S5 and Table 4. Friction between blobs can also make

scaling exponent higher than theory predicts. Temperature is
changed to influence blob friction coefficient. However, at other
temperatures, the relationship is similar, which demonstrates that
friction between blobs is irrelevant, as shown in Fig. S5. Scaling
exponents are 1.68, 1.96, 2.01, 2.06, 2.17, 2.29, 2.51, and 3.37
for PI-4.1 W, PI-5.6 W, PI-6.8 W, PI-9.2 W, PI-10 W, PI-12 W,
PI-14 W, and PI-20 W, respectively, and corresponding molecu-
lar weights are from 40,600 g/mol (PI-4.1 W) to 197,000 g/mol
(PI-20 W). Thus, scaling exponent increases with molecular
weight. PI-4.1 W and PI-5.6 W at 20–45 °C have scaling expo-
nents of 1.60–1.96, which falls in the theoretical value of 1.3–
2.0. PI-6.8W, PI-9.2W, PI-10W, and PI-12Wat 20–45 °C have
scaling exponents of 2.01–2.29, meanwhile PI-14 W and PI-
20 W at 20–45 °C exhibits extremely high scaling exponents
of 2.49–3.49.

For different PI samples, scaling exponent decreases
slightly as temperature increases, except the highest molec-
ular weight PI sample, as shown in Fig. 6. When molecular
weight of PI sample reaches a critical value, the associating
polymer behavior appears [22], which will be discussed in
our future work.

In Fig. 7, as pointed out in our previous work [10], when
effective dipole-dipole interaction space (blue circle) overlaps
with other chains, the dipole-dipole interaction from inter-
chained segments leads to an increase of scaling exponent.
Increasing molecular weight makes both the number of beads
and the intensity of inter-chained dipole-dipole interaction in-
crease. Finally, scaling exponent is increased.

Relationship between scaling exponent and molecular
weight of PI samples in semidilute entangled solution

The theory predicts that, based on the relationship between
ηsp and concentration, the scaling exponent is 3.9 (good sol-
vent) ~ 4.67 (θ solvent) for neutral polymer in semidilute
entangled solution [27]. And Fig. 8 shows the relationship
between scaling exponent and molecular weight of PI sam-
ples in semidilute entangled solution at 20 °C. Results are
also found in Fig. S6 and Table 5. From 40,600 g/mol (PI-
4.1 W) to 197,000 g/mol (PI-20 W), their scaling exponents
are 4.58, 5.03, 5.22, 5.23, 5.39, 5.66, 6.54, respectively,

Fig. 8 Relationship between scaling exponent and molecular weight of
PI samples at 20 °C in semidilute entangled solution

Table 5 Scaling exponents of PI
samples with different molecular
weights at different temperatures
in semidilute entangled solution

Sample 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C

PI-4.1 W 4.58 ± 0.12 4.64 ± 0.14 4.58 ± 0.06 4.56 ± 0.16 4.60 ± 0.19 4.72 ± 0.19

PI-5.6 W 5.03 ± 0.17 5.06 ± 0.15 5.00 ± 0.14 4.96 ± 0.15 4.94 ± 0.16 4.92 ± 0.18

PI-9.2 W 5.22 ± 0.13 5.20 ± 0.17 5.11 ± 0.16 5.07 ± 0.14 5.02 ± 0.13 5.01 ± 0.12

PI-10 W 5.23 ± 0.06 5.20 ± 0.07 5.14 ± 0.05 5.10 ± 0.07 5.06 ± 0.05 5.03 ± 0.08

PI-12 W 5.45 ± 0.24 5.45 ± 0.21 5.44 ± 0.23 5.41 ± 0.23 5.40 ± 0.26 5.39 ± 0.29

PI-14 W 5.66 ± 0.10 5.62 ± 0.10 5.57 ± 0.09 5.53 ± 0.11 5.51 ± 0.11 5.46 ± 0.11

PI-20 W 6.54 ± 0.16 6.51 ± 0.16 6.47 ± 0.16 6.40 ± 0.16 6.34 ± 0.16 6.31 ± 0.16
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which indicates that scaling exponents increase with molecu-
lar weight in semidilute entangled solution. Details for other
temperatures are shown in Fig. S6. Scaling exponents for PI-
4.1 W in the range of 20–45 °C are 4.56–4.72, in accordance
to theoretical region of 3.9–4.67; scaling exponents for PI-
5.6 W increase slightly to 4.92–5.06; scaling exponents from
PI-9.2 W to PI-14 W further increase to 5.01–5.66; but scal-
ing exponents for PI-20 W have extremely high values in the
range of 6.31–6.54. If the error of experiments is considered,
scaling exponents only exhibit a considerably slight decrease
with raising temperature.

As mentioned above, owing to the effective dipole-
dipole interaction between polyimide chain and tube, scal-
ing exponent is higher than predicted value [10]. Figure 9
illustrates and explains related results. PI chains are con-
fined in the tube, which is made up of surrounding PI
chains. When PI solution flow rate is above a critical value,
PI chains reptated and then escaped from the tube, which
induced shear thinning phenomenon. However, interaction
between PI chain and tube increased scaling exponent for
semidilute entangled polymer solution. Increasing molec-
ular weight made both the number of beads and the inten-
sity of dipole-dipole interaction between polyimide chain
and tube increased. Finally, scaling exponent is increased.

Relationship between overlap concentration,
entanglement concentration, and molecular weight of PI
samples

Figure 10 shows the relationship between overlap concentra-
tion (C*) and molecular weight of PI samples. Different from
theoretical prediction, overlap concentration C* increased
with molecular weight. For example, at 20 °C, C*s are
1.61 wt%, 1.77 wt%, 1.81 wt%, 1.82 wt%, 1.94 wt%,
1.97 wt%, and 2.11 wt% for PI-4.1 W, PI-5.6 W, PI-6.8 W,
PI-9.2 W, PI-12 W, PI-14 W, PI-20 W, respectively, corre-
sponding to molecular weight varying from 146,000 g/mol
to 407,000 g/mol. In dilute polymer solution, increasing poly-
mer coil radius leads to a decreased C*, and molecular weight
is in proportional to polymer coil radius. As Table 1 shows, the
radius of gyration increases with the molecular weight.
However, current result does not obey this rule. Moreover,
from Flory-Fox eq. [23]:

η½ � ¼ ϕ
R3

M
ð11Þ

where φ = 2.5 × 1023 mol−1 is universal constant for all
polymer-solvent system, R is root-mean-square end-to-end

Fig. 9 Schematic of interaction
between polyimide chain and
tube with molecular weight of PI
samples in semidilute entangled
solution

Fig. 10 Variation of the overlap concentration (C*) of PI samples with
molecular weights at different temperatures

Fig. 11 Variation of the entanglement concentration (Ce) of PI samples
with molecular weights at different temperatures
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distance, and M is molecular weight. Intrinsic viscosity is
proportional to polymer coil radius, and overlap concentration
is inversely proportional to [η]. Thus, analyzing [η] can also
obtain the information of overlap concentration. Twomethods
are applied to analyze the relationship between [η] and molec-
ular weight. (1) From viscometer, the relationship between [η]
and molecular weight can be analyzed directly (Fig. 1). (2)
From rheometer and based on Huggins and Kraemer eq. [24,
25], the intrinsic viscosity of different molecular weight PI
sample is also calculated. Results are shown in Figs. S7a, b
and S8a, b. Both of them demonstrated that [η] increases as
molecular weight increases, and overlap concentration should
decrease. However, overlap concentration C* calculated from
intersection of specific viscosity-concentration dependence of
dilute solution and semidilute unentangled solution is re-
versed. Thus, the reason should be explored.

Based on our previous work [10], such abnormal phenom-
enon on C* can be explained. Increasing the molecular weight
means the increase of the coil-coil interaction. In dilute solu-
tion, increasing the concentration makes the average distance
between coils be decreased. When the distance decreases to a
critical value, the interaction between coils leads to the aggre-
gation of coils, which makes the C* larger than the neutral
polymer. Finally, the C* increases with molecular weight.

Temperature also influences C* of PI samples, and different
molecular weights exhibit different cases. For PI-4.1 W, its C*

increases from 1.61 wt% to 1.79 wt% with temperatures; from
PI-5.6 W to PI-9.2 W, C* almost keeps at 1.73–1.77 wt%,
1.78–1.86wt%, 1.82–1.92wt%without an obvious trend with

temperatures; but for PI-12Wand PI-20W, their C* decreases
with temperatures from 1.94 wt% to 1.84 wt% for PI-12 W,
and from 2.11 wt% to 2.04 wt% for PI-20 Wat 20–45 °C. For
PI samples with high molecular weight, raising temperature
strengthens the motion of polymer chain segment, which
weakens bead-bead interaction and decreases the critical dis-
tance between coils. Also, molecular weight influence be-
comes the major factor. Thus, this abnormal phenomenon be-
comes weak as temperature increases.

Figure 11 shows the relationship between entanglement
concentration (Ce) and molecular weight of PI samples at dif-
ferent temperatures. At 20 °C, Ces are 8.84 wt%, 8.26 wt%,
8.23 wt%, 7.27 wt%, 7.22 wt%, 6.99 wt%, and 6.66 wt% for
PI-4.1W, PI-5.6W, PI-9.2W, PI-10W, PI-12W, PI-14W, and
PI-20 W, respectively. Ce decreased with molecular weight,
which obeys the normal rule [26].

Further analysis on critical concentration with molecular
weight

Based on above results, the relationship between critical con-
centration andmolecular weight can be established at different
temperatures (from 20 °C to 45 °C) in Fig. 12. Definitely, two
linear equations are available at each temperature. For exam-
ple, at 20 °C, lgC* = 0.16lgM-0.50, lgCe = −0.19lgM + 1.83;
at 45 °C, lg C* = 0.09lg M-0.18, lg Ce = −0.21lg M + 1.91.

It can be seen that polymer solution is divided into three
regions: dilute, semidilute unentangled, and semidilute
entangled solutions. If molecular weight and concentration

Fig. 12 Relationship between critical concentration and molecular weight of PI samples (a) 20 °C (b) 25 °C (c) 30 °C (d) 35 °C (e) 40 °C (f) 45 °C
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of one 6FDA-TFDB PI sample are known, from Fig. 12, its
concentration region can be evaluated.

Moreover, C/C* ratio is an important information to judge
the quality of fiber, as reported in literature [13]. For PMMA
with various molecular weights, when C/C* was 0.8, only
polymer droplets without any fiber are seen. When 2.9 < C/
C* < 4.0, beaded fiber morphology appeared; the strength of
this fiber was weak and cannot be applied. When 6.8 < C/
C* < 7.2, uniform fibers are obtained [13]. Based on current
relationship between critical concentration and molecular
weight, it can be applied to guide the preparation of polyimide
solution for different processing.

Conclusions

Based on YFY wormlike cylinder model and SEC-
multidetectors results, eight 6FDA-TFDB polyimide samples
are chosen to investigate the influence of molecular weight on
scaling exponents and critical concentration in solution
through different models: Zimm (dilute solution), Rouse–
Zimm (semidilute unentangled solution), and Doi–Edwards
(semidilute entangled solution). Most of the scaling exponents
are higher than theoretical values in three concentration re-
gions, and scaling exponents increase with molecular weight.
Considering the corrected bead-spring model, increasing mo-
lecular weight can increase the number of beads of PI chain,
which results in the increased coil-coil interaction in dilute
solution, increased inter-chained dipole-dipole interaction in
semidilute unentangled solution, increased intensity of dipole-
dipole interaction between polyimide chain and tube in
semidilute entangled solution, and increased scaling expo-
nents at above three concentration regions. Finally, the rela-
tionship between critical concentration and molecular weight
is also obtained at different temperatures, and two linear equa-
tions are available at each temperature. These results would be
helpful to guide the preparation of polyimide solution for dif-
ferent processing.
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