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Our previous work has demonstrated that soluble polyimide with relatively weak interaction can be transformed
from neutral polymer to associative polymer by increasing molecular weight. Thus, it is necessary to find
another way to vary the relatively weak interaction strength, ie. variation of solvent quality. Herein,
viscoelastic behaviors are examined for 2,2-bis(3,4-dicarboxy-phenyl) hexafluoropropane dianhydride
(6FDA)-2,2' -bis(trifluoromethyl)-4,4’-diam (TFDB) polyimide (Pl), with a relatively low molecular weight (M,,)
of 88 000 g mol™%, dissolved in cyclohexanone (CYC). The scaling relationship between viscosity (no—7s) and
volume fraction is in good agreement with the associative polymer theory proposed by Rubinstein and
Semenov. Oscillatory rheological results indicate that the Pl solution tends to become a gel with increased
volume fraction. The synchrotron radiation small-angle X-ray scattering results imply the existence of dense
aggregates in the concentrated PI/CYC solutions. Shear thickening and thinning behaviors are observed in

the solutions, and the shear thickening behavior of polyimide solution has not been reported in literature.
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Accepted 23rd August 2019 Their mechanisms are studied by conducting dynamic and steady rheological experiments. Thus, enhancing

the relatively weak interaction strength can also make the low M,, polyimide show associative polymer
behavior. This work can help us to gain deep insight into polyimide solution properties from dilute to
semidilute entangled solutions, and will guide the preparation of polyimide solutions for different processing.
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1. Introduction

Associative polymers usually contain functional groups that
tend to associate in selective solvents. Three kinds of associative
polymers can be distinguished, namely, polymers containing
a single associative group, two associative groups, and many
associative groups. These associative polymers have been
extensively studied in the past decades. Associative polymer
solutions generally demonstrate useful rheological properties,
such as increased viscosity, gelation, shear thickening, and
shear thinning.”® Thus, it is necessary to analyze the physical
properties of associative polymer solutions to guide the prac-
tical application. Rubinstein and Semenov proposed a theory
for multisticker pair-wise associative polymers at various
concentrations.* The theory has been used to explain the
rheological properties of many associative polymer systems.>®
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Aromatic polyimides (PIs) are a kind of high-performance
polymers widely used in the aerospace, microelectronic, and
fire-protection industries, among others.”** The unique stiff and
aromatic backbone structure of PIs confer them with excellent
mechanical, thermal, and electrical properties.*>** To expand the
application area, soluble polyimides have been synthesized. The
solution behaviors have been studied in the previous studies, and
they found that PIs exhibit random coil conformation with local
rigidity in various solvents.'**° Interestingly, some soluble PIs
have shown aggregation behavior in different solutions. Viallat
et al.** confirmed the existence of charge-transfer (CT) complexes
in PI solutions by using fluorescence spectroscopy. Luo et al.*
studied the aggregation behavior of PI in solution over a wide
range of concentrations by UV-visible absorption and fluores-
cence spectra. Both intramolecular and intermolecular CT
interactions were observed, and two critical concentrations are
found from the relationship between the intensity ratio of
intermolecular to intramolecular CT emission and concentra-
tion. Ogata et al”® studied the aggregation behavior of semi-
aromatic PIs in N-methylpyrrolidone solution. They concluded
that the aggregation behavior is dominated by the balance
between the increased bulkiness, the decreased charge-transfer
interaction, the hydrogen-bonded interaction of the phenolic
hydroxyl groups, and the m—m interaction of the phenyl rings.

By incorporating bulky —CF; groups, PIs have better solubility,
low dielectric constant, and high optical transparency.**° Zhang
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et al” studied the scaling behavior of a soluble fluorine-
containing 6FDA-TFDB PI in DMF solution and found that the
deviation of scaling exponents from neutral polymers is due to
dipole-dipole and m-7 interactions. They further revealed that
the scaling exponents increase with increased molecular weight
(M,,) in DMF.*® As the M,, reaches a critical value, the PI solution
shows associative behavior in DMF because of increased inter-
action points along polymer chains.’ In our previous work, we
found that solvent type considerably affected the scaling expo-
nents and critical concentration of soluble 6FDA-TFDB PI
solutions.*

Herein, the transformation behavior from neutral polymer to
associative polymer has attracted our attention. Generally, there
are two transformation ways, i.e. increase the number of asso-
ciative groups from increasing the M,, and enhance the asso-
ciation strength from varying the solvent quality. Thus, it is
necessary to analyze the transformation behavior of soluble
polyimide from varying the solvent.

In the present study, the viscoelastic behavior of 6FDA-TFDB
PI with relatively low M,, (88 000 g mol *, do not show asso-
ciative polymer behavior in DMF) in cyclohexanone (CYC)
solution was investigated. Interestingly, the scaling relationship
between viscosity and concentration also fit the associative
polymer theory proposed by Rubinstein and Semenov.* To
further analyze its associative behavior, SAXS and oscillation
experiments were also conducted.

2. Background theory
2.1 Scaling behavior of associative polymer solution

When concentration is well above the gelation point (¢ > 2¢,),
the dynamics of unentangled associative polymer solutions can
be described by sticky Rouse model.*** The interchain associ-
ation fraction Pj,, can be defined as:

Piner = (/)T = [T for g < g0 (1)

Pinler =1 for ¢ > ¢s (2)
where [ is the number of monomers between neighboring
stickers and ¢ is the overlap concentration of the strands
between stickers. The sticky Rouse time trouse With unrenor-
malized bond lifetime is described as:

TRouse ~ Tb(fPinter)z = be212+2:¢(2+2:)/(3‘771) for ¢ < ({bren (3)

where 1}, is the bond lifetime, fis the total number of stickers
per chain. The viscosity is proportional to the modulus G; and
the relaxation time, which is expressed as:

n = GlfRouse = (kTTb/bs)lez¢l+(2+2:)/(3V71) fOI' ¢ < ¢ren (4)

As we discussed in our previous work,> due to the relatively
weak interaction, the sticker separated from its old partner can
always find a new sticker to pair, which do not need to
renormalize the sticky Rouse and sticky reptation models.
Nevertheless, enhanced interaction strength can also enhance
the probability of the sticker associate again with its old one.
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Thus, the sticky Rouse model should be renormalized with
increasing concentration. For the critical renormalization
concentration ¢.p, it can be expressed as:

¢ren ~ (6—31722)(31'71)/(2+3z) (5)

For our system, ¢.., is between gelation concentration ¢,
and entanglement concentration ¢.. And renormalized sticky
Rouse model can be used to express the scaling relationship in
this region. The renormalized bond lifetime 7, can be expressed
as:

‘E; = Tp eg/2l:¢(2+32)/[2(3v_1)] for ¢ren < ¢ < ¢e (6)

The relaxation time tgouse can be obtained by replacing 1}, by
7,,, which is expressed as:

TRouse = TN €277l for ¢ . <p<¢.  (7)

The viscosity is proportional to the modulus G; and the
relaxation time, which is expressed as:

1= Gitrowe = (KTty/bY)N 271 HE+7/2Gr-D]
for ¢r3n < ¢ < ¢e (8)

As concentration reaches to the entanglement threshold ¢.,
the dynamics of the associative polymer solutions are described
by the renormalized sticky reptation model.* The sticky repta-
tion model predicted a region of ¢ > ¢s with renormalized bond
lifetime and fully interchain association. The renormalized
bond lifetime 7, can be expressed as:

= 1 21 PO for ¢ << e )

The relaxation time 7., is equal to:

Trep = T 1 NIN)! D for . < ¢ < pre (10)

And the viscosity is expressed as:
n = (kT’Eb/b3) es/Z(fS/NCOZ)¢(l+3v+z/2)/(3v71) fOI' ¢s < ¢ < ¢le (11)

Finally, the scaling relationship between viscosity and
volume fraction applied in this study is summarized in Table 1.

3. Experimental section
3.1 Chemicals

TFDB and 6FDA were purchased from Beijing Multi Technology
and purified by sublimation in a vacuum at 130 and 250 °C for
48 h, respectively. N,N’-Dimethylacetamide (DMAc), N,N'-
dimethylformamide (DMF) and tetrahydrofuran (THF) were
purchased from Beijing Multi Technology. DMAc was dried in
the presence of P,O5 overnight before use to reduce the influ-
ence of water. Cyclohexanone (CYC) was purchased from
Macklin Biochemical Co., Ltd. Tetrabutylammonium bromide
(TBAB) was obtained from Sinopharm Chemical Reagent Co.
Ltd.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Scaling exponents of viscosity as a function of volume fraction for associative polymer solutions
Exponent «

Volume fraction Exponent « in n ~ ¢ (general in n ~ ¢* (good
range Comment form) solvent)
¢ < Pren Unrenormalized bond lifetime; transfer of intrachain to interchain 1 + (2 +22)/(3v — 1) 4.2

association
Gren < P < Pe Renormalized bond lifetime; transfer of intrachain to interchain 1+(6+72)/[2(3v — 1)] 5.9

association
Os < ¢ < Pre Renormalized bond lifetime; mostly interchain association (1 +3v+2z/2)/(3v—1) 3.75

3.2 Synthesis of polyimide (PI)

PI was synthesized by a two-step approach. First, we added
TFDB into DMAc in a three-necked flask and stirred it until the
monomer was dissolved completely. The same molar amount of
2,2-bis(3,4-dicarboxyphenyl) hexafluoro-propane dianhydride
(6FDA) and moderate amount of o-phthalic anhydride were then
added into the flask. The mixture was allowed to react for 48 h at
room temperature under nitrogen atmosphere. We then added
triethylamine and acetic anhydride into the above polyamic
acid solution and chemical imidization lasted for 4 h to obtain
PI solution. The solid sample was obtained by precipitating the
solution in excess methanol. The PI sample was re-dissolved in
DMAc and precipitated again to obtain a purified sample. The
synthetic process was shown in Scheme 1.

3.3 Fractionation of PI sample

Precipitation fractionation was applied to obtain a relatively
narrow polydispersity sample. THF and deionized water served
as good/poor solvent pair. By adding water into PI/THF solution
dropwise, we can acquire fractions with different M.

3.4 FTIR spectrum

Fourier transform infrared (FT-IR) spectroscopy was measured
with a Brucker Vertex 70 spectrometer. The solid PI specimen
mixed with KBr was ground to powder and then compressed
into a thin tablet for measurement. The FT-IR spectrum was
shown in Fig. S1.1 The imide carbonyl group can be confirmed
with the peaks at 1786 (asymmetric C=0 asymmetric stretch-
ing), 1728 (symmetric C=0 stretching), 719 (C=O banding),
and 1364 cm ™' (C-N stretching). The peaks normally charac-
teristic bands of amide groups at 3363 (N-H stretching) and

o] cFs o] CF,
c
o i O + H,N NH,
CF3
o o] F3C
6FDA TFDB
o] cFy o] CF;
— ; W
N | N
CF3
o] o} F3C n

6FDA-TFDB PI

Scheme 1 Synthetic procedure of 6FDA-TFDB polyimide sample.

This journal is © The Royal Society of Chemistry 2019

1650 cm ™' (amide C=0 strength) cannot be found, indicating
a nearly complete imidization.

3.5 'H NMR spectrum

"H NMR spectra were recorded with a Brucker AV400 NMR
spectrometer using DMSO-d6 as a solvent. The "H NMR spec-
trum was shown in Fig. S2.f PI chemical structures were
confirmed with the resonance signals, which were 6 8.05 (d, J =
7.6 Hz, 2H), 6 7.94 (s, 2H), 6 7.87 (m, 4H), 6 7.68 (d, J = 8.2 Hz,
2H), and 6 7.44 (d, ] = 8.2 Hz, 2H).

3.6 Size exclusion chromatography (SEC) coupled with
multi-detectors

SEC was coupled with multidetector, which included 515 pump
(Waters Technologies), 717 autosampler (Waters Technologies),
two PL-gel 10 um Mixed B-LS columns (Agilent Technologies),
a ViscoStar Viscometer (Wyatt Technologies), 2414 refractive
index detector (Waters Technologies), and DAWN HELEOS II
multiangle laser light scattering detector (MALLS) (Wyatt Tech-
nologies). The system was run at 35 °C using DMF with 3.1 mM
TBAB as the mobile phase at a flow rate of 1 mL min—". The M,,
distribution of pristine and experimental samples was shown in
Fig. S3.1 The absolute M, (SEC-MALLS) and PDI of the experi-
mental sample were 88 000 g mol ' and 1.24, respectively.

3.7 Rheological measurement

Rheological measurements were conducted on stress-controlled
rheometer DHR-2 and strain-controlled rheometer ARES-G2
(both TA Instruments) at 20 °C. Dynamic measurements were
conducted in the linear regime, as confirmed by the strain
sweep measurements, with the parallel plate geometry on DHR-
2. Shear rate sweep measurements were conducted with the
cone and plate geometry (40 mm diameter, 2° cone angle, 56 um
truncation) on DHR-2. Temperature was controlled by Peltier
system. Two semicircle plates were covered around the geom-
etry to prevent solvent evaporation during measurements. Start-
up measurements were also conducted in the cone and plate
geometry (20 mm diameter, 2° cone angle, 49 um truncation)
with Peltier temperature control system on ARES-G2.

3.8 Synchrotron radiation small-angle X-ray scattering (SAXS)

Synchrotron radiation SAXS experiments were conducted on the
BL19U2 beamline in Shanghai Synchrotron Radiation Facility
(SSRF) at an incident X-ray wavelength of 1.033 A and spot of
380 x 110 pm®. The beam and energy resolution were at 12 keV

RSC Adv., 2019, 9, 27455-27463 | 27457
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and 5 x 10*, respectively, and the exposure period was 1 s.
Samples were loaded into a fluid cell, and the final intensity
profiles were an average of 20 exposures followed by the
subtraction of background. The sample-to-detector distance
was 2631 mm with Pilatus 1 M detector. The scattering vector g
ranged from 0.01 A~ to 0.41 A", The SAXS data was converted
to I(g) as a function of g = 47 sin #/A by circular averaging,
where I(q) was the scattering intensity and g was the scattering
vector.

4. Results and discussion

4.1 Flow curves of PI/CYC solution in different volume
fraction ranges

To characterize the flow behavior of 6FDA-TFDB PI/CYC solu-
tions, steady shear measurements were conducted for different
concentration solutions. The shear viscosity profiles at different
volume fractions at 20 °C are shown in Fig. 1 (divided Fig. 1a-
d is based on the result of Fig. 4). In Fig. 1a (2.0 x 10> < ¢ <7.2
x 107%), in the dilute region, the viscosities of the solutions
exhibit Newtonian behavior in the applied range of shear rate
(10 to 100 s, deviation is observed at high shear rate due to
inertia effect of stress-controlled rheometer). In Fig. 1b, (0.011 <
¢ < 0.021), slight shear thinning can be observed at high shear
rate. Above critical concentration, interchain associations are
formed. The orientation of polymer chains and disassociation
of interchain associations become faster than the re-form
associations with increasing shear rate. In Fig. 1c, (0.024 < ¢ <
0.053). The solutions show slightly local shear thinning at low
shear rates, followed by a shear thickening behavior at medium
shear rates, prior to a dramatic shear thinning behavior at
higher shear rates, as indicated in Fig. 2. The span of local shear
thinning decreases with increased volume fraction, indicating
that the onset of shear thickening shifts to lower shear rate. In
Fig. 1d, (0.071 < ¢ < 0.110), the flow behavior is similar to that in
Fig. 1c, and shear thickening becomes less obvious. The degree
of shear thickening can be estimated by D = (7max — Nonset)/
Nonsety Where Nonser 1S the onset viscosity of thickening region
(see Fig. 2) and Nmax is the maximum viscosity of thickening.
The degree of shear thickening behavior initially increases and
then decreases with increasing concentration, as shown in
Fig. 3. Above entanglement concentration (¢ > 0.070), the
degree of shear thickening becomes very weak.

By contrast, in Fig. S4,f PI/DMF solutions show Newtonian
fluid behavior in dilute and semidilute unentangled solution.
Evident shear thinning behavior due to the disentanglement of
polymer chains only can be observed at concentration well
above entangled concentration. The rheological behavior is
quite different from that of the PI/CYC solutions shown in
Fig. 1.

4.2 Scaling behavior in different volume fraction ranges

Based on the results of Fig. S41 and 1, the viscosity versus
concentration of PI/DMF and PI/CYC solutions are plotted in
Fig. 4. The viscosities of PI/CYC solutions are markedly greater
than that in DMF solutions. Interestingly, the scaling
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Fig. 1 Shear viscosity against shear rate of PI/CYC solutions with
different volume fractions, 2.0 x 10> to 7.2 x 10 (a), 0.011-0.021
(b), 0.024-0.053 (c), 0.071-0.110 (d).
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relationship is quite different for the two systems. Three
concentration regimes for PI/DMF solution are observed, cor-
responding to Fig. S4a-c.t (i) In dilute solution, that is, ¢ < ¢*
(overlap volume fraction), where the scaling exponent is 1.28 up
to ¢* of 7.2 x 10>, (ii) In semidilute unentangled solution, that
is, ¢p* < ¢ < ¢ (entanglement volume fraction). The theoretical

10000

® PI/DMF "
® PI/CYC

Fig. 4 Variation of viscosity (no—ns) with volume fraction for PI/DMF
and PI/CYC solutions.
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region predicted by the Rouse model for neutral polymer is 1.3-
2.0, and the scaling exponent here is 2.27 up to ¢, of 0.062. The
ratio of ¢./¢* is 8.6, which is consistent with a ratio of ¢./¢* of
5-10 extensively reported in literature.’*** (iii) In semidilute
entangled solution, that is, ¢ > ¢.. A scaling exponent of 5.00 is
observed, which is higher than the theoretical region of 3.9-4.67
predicted by the reptation model. Although these scaling
exponents in different concentration regimes are higher than
theoretical values for neutral polymer,* the deviation is not
large. The deviation of scaling exponents from theoretical
values is possibly due to the dipole-dipole interaction in 6FDA-
TFDB PI/DMF solutions.”

On the contrary, four regimes can be distinguished in the
case for PI/CYC solutions, corresponding to Fig. 1a-d. We will
apply the theory proposed by Rubinstein and Semenov con-
cerning the dynamics of pair-wise associative polymers to
explain our results. (i) ¢ < ¢, (critical concentration, equivalent
to overlap concentration, ¢,, = 7.3 x 10~?), where the solution
dynamics is mainly controlled by intrachain associations. The
scaling exponent is 1.35, which is slightly higher than that in PI/
DMF solutions. For our PI sample, each structural unit behaves
as a sticker. The percolated network can be formed when
polymer coils overlap. Thus, the gelation volume fraction ¢,
should be closed to ¢,. (ii) 2¢g < ¢ < ¢ren (renormalization
critical concentration, calculated through the intersection of
regime (ii) and (iii), ¢ren = 0.023). Above the full gelation point
(where all chains are involved into the network), the dynamics
of unentangled associative solutions are described by sticky
Rouse model. The fitted scaling exponent is 4.22, which is
consistent with the theoretical value of 4.20 predicted by the
sticky Rouse model in good solvent. The stronger concentration
dependence of viscosity is due to the transformation of intra-
chain association into interchain association. (iii) ¢ren < ¢ < Pe
(entanglement concentration, ¢. = 0.070). The value of the
entanglement concentration is higher than that in PI/DMF
solutions. With further increasing concentration, the bond
lifetime has to be renormalized to take into account the
increased probability of the sticker associates again with its old
one. A rapid increase in viscosity due to high conversion of
intrachain association into interchain association is observed.
The fitted scaling exponent is 6.15, corresponding to the scaling
exponent of 5.90 predicted by the sticky Rouse model in the
concentration range of unentangled solution with renormalized
bond lifetime in good solvent. (iv) ¢ > ¢.. Above entanglement
concentration, the dynamics of associative solutions are
described by the sticky reptation model. In this concentration
regime, polymer chains are connected by interchain bonds and
entanglements. According to theory of Rubinstein and Seme-
nov,* two scaling regions exist depending upon whether the
strands between stickers are overlapping (¢s) or entangled (¢e).
A scaling exponent of 3.75 has been predicted if the strands are
overlapping. If strands are entangled, the scaling exponent
would be 4.72. It should be noted that, the critical concentration
¢ means that the entanglement volume fraction of strands
between stickers. However, for our system, each monomer is
a sticker and it cannot entangle between monomers. Thus, ¢
cannot be seen in our system. The fitted scaling exponent in this

RSC Adv., 2019, 9, 27455-27463 | 27459
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concentration region is 4.04, which is closed to the predicted
value of 3.75 when ¢g < ¢ < ¢1.. This means that above entan-
glement concentration, the strands between stickers are close to
their overlapping concentration (¢s). The associations in this
situation are mostly interchain, however, the number of
entanglements increase strongly with concentration. This is
also reflected in Fig. 3, in which shows the concentration
dependence of shear thickening degree. Above the entangle-
ment concentration of 0.070, the shear thickening degree
becomes rather weak, indicating only a small fraction of intra-
chain associations can be transformed into interchain associ-
ations. Similar observations were also reported for multisticker
and telechelic associative polymers.®”** Overall, the scaling
behaviors of the viscosity with concentration are in good
agreement with the theory proposed by Rubinstein and Seme-
nov.* The dynamics of PI/CYC solutions are mainly dominated
by the conversion from intrachain associations into interchain
associations in the sticky Rouse region and by the sticky
reptation process where most associations are interchain.

The dissolution process of polar polymer in a polar solvent is
controlled by the breaking up of dipole-dipole interaction
between polymer chains, and then new dipole-dipole bonds
between polymer chains and solvent molecules are formed.
DMF exhibits higher polarity compared with CYC, and the
interchain dipole-dipole interaction can be screened effectively
in DMF solutions. Thus, PI/DMF solutions show no associative
behavior. The interchain interaction is strengthened in CYC
solutions, making polyimide solutions show associative poly-
mer properties.

4.3 Linear rheological properties

Variations in storage (G') and loss (G”) moduli with angular
frequency for the PI/CYC solutions at different volume fractions
are shown in Fig. 5. The crossover points of G’ and G” shift to
low frequency with increased volume fraction. The linear
viscoelastic response differs from the classical Maxwell model,
as illustrated by the weak dependence of G' and G’ in the
terminal zone. This finding presumably reflects a broad
terminal relaxation mode caused by both effects of interchain

10000 2000%%0 |g IS G
00999'§ %% |v o106
oo® VY P lw |v o
= 1000[ PRty pabec ottt LR b
00® w'ﬁﬁ o
2 st 5
fg 100 -0§8§§v§§§§z§§§§3 zE = v
p—( a o ° (’
: DDD s . G"
El =1
E 1 1.0 . o °
0.5 * ° ® L]
0.1 L I I l 0.08 ' 0.10 d(.).lll 0.14  0.16]
0.01 0.1 1 10 100 1000

Angular frequency (rad/s)

Fig. 5 Variation of modulus (storage G’ and loss G”) with angular
frequency for polyimide/CYC solutions with different volume frac-
tions. Inset is the change of slope in terminal region with volume
fractions.
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association and topological entanglement.*> With increased
volume fraction from 0.077 to 0.153, the slope of G’ versus w
decreases from 1.75 to 0.89, and the slope of G’ versus
decreases from 0.91 to 0.54, as shown in the inset of Fig. 5.
Winter and Chambon®**** showed that at the gel point, G’ and
G" depend on frequency in the same manner, thatis, G’ ~ G’ ~
«". The scaling exponents for G’ and G” tend to decrease to
a similar value with increased concentration, indicating the
formation of gel like structure. This result is also reflected in the
photographs of PI solutions in Fig. 6. The PI solution gradually
loses flowability as volume fraction increases from 0.071 to
0.153. These findings demonstrate that the concentrated PI/
CYC solutions tend to gelatinize. In fact, a critical gel can be
formed for high M,, polyimide in CYC solution, which will be
discussed in further work.

To further investigate the associative behavior of PI/CYC
solutions, synchrotron radiation SAXS was conducted at
different volume fractions. As seen in Fig. 7, the shape of the
scattering curves is similar when volume fraction exceeds 0.038,
and the scattering intensity increases with increasing volume
fraction. An upturn in I(g) at low g range is found, indicating
inhomogeneity of the size distribution of aggregates and spatial
distribution.***° The low angle portions of the SAXS profiles can
be fitted by the power law

I(q) = 10)g" (12)

where I(0) is a prefactor and P is regarded as the fractal
dimension (Df). The fractal dimensions D¢ were determined

,‘g._,. \ L

Fig. 6 Photographs of PI/CYC solutions (5 minutes' standing), from
left to right corresponding to the volume fractions of 0.077, 0.105,
0.120, 0.139, 0.153, respectively.

0.038

1000 =

I(g) /a.u.

Y
(=]

1t

0.1
q /A1

Fig.7 Double logarithmic plot of synchrotron radiation SAXS intensity
as a function of scattering vector for the PI/CYC solutions. The data are
vertical shifted by 10 to avoid overlapping.
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from the slope of log I(q)-log g. The D¢ equals to 1.0 for loosely
connected aggregates with indistinct interfaces and 3.0 for
dense aggregates. The determined Dy values are 2.63, 2.79 and
2.80 corresponding to volume fraction of 0.066, 0.093 and 0.115,
respectively. This feature indicates a dense aggregate structure
of our PI/CYC solutions. Notably, a shoulder peak is observed
when volume fraction exceeds 0.038, indicating the formation
of domains in PI/CYC solution. The position of this shoulder
peak slightly increases with increasing volume fraction. From
equation,*

d = 2mlg* (13)
where g* is the scattering vector, the average distance between
domain d can be calculated as 13.7, 12.6, and 11.0 nm at volume
fractions of 0.066, 0.093, and 0.115, respectively.

4.4 Shear thickening and shear thinning phenomena

Shear thinning phenomenon is first observed in the PI/CYC
solution at ¢ = 0.017, which is only slightly above the critical
concentration ¢,. Given that the concentration is higher than
the critical concentration, polymer chains begin to contact with
each other and form interchain interaction. Some polymer
chains can serve as bridges to connect separate aggregates,
forming of a weak network structure. When shear rate is high
enough, polymer chains begin to be recognized and stretched
along the shear direction.** These bridges can be broken, and
shear thinning occurs. Similar phenomenon has been observed
in other polymer network system,* and this behavior is
explained by shear-induced network rupture, our result is
consistent with popular case.

With increasing concentration, local shear thinning can be
observed at low shear rates followed by shear thickening at
medium shear rates. Shear thickening has been extensively
studied in various associative systems, such as telechelic poly-
mers, associative electrolytes, ionomers, wormlike micellar
solutions, and partially hydrolyzed polyacrylamide. The mech-
anism of shear thickening for associative polymers has been
classified into two main categories. The first ascribes thickening
to an increase of the number of elastically active chains,®**¢
whereas the second attributes thickening to nonlinear high
tension along stretched polymer chains beyond the Gaussian
range.*”~*° The effect of these two mechanisms on the change of
relaxation time (tr) is different. Based on the Sticky Rouse
model,*

TRouse = Te(f*)z (14)

where 7. is the relaxation time of each strand, and f* is the
number of active crosslink point of each polymer chain. Trouse
increases with increased f*, consists with the mechanism of
increasing the number of elastically active chains. For chains
under nonlinear stretching, f* decreases due to the shortened
lifetime of sticky point or the breakage probability of a sticky
point. A decrease in relaxation time can be observed in this
mechanism. The change of relaxation time in shear thickening
process can be detected by parallel superposition of steady
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shear and oscillation test.* Hu referred to another method for
detecting the relaxation time.** The relaxation time after pre-
shearing various time at a certain shear rate can be measured
by stress relaxation test. This method is more detailed in
detecting relaxation time than the oscillation superposition
experiment. Thus, we conducted start up tests at shear rate in
shear thickening region at different concentrations. A repre-
sentative result at ¢ = 0.066 is shown in Fig. 8. The normalized
stress relaxation after pre-shearing with various times is shown,
and the inset demonstrates the change of relaxation time with
pre-shearing time. The relaxation time initially increases and
then reaches a plateau with increasing pre-sheared time.
Therefore, we believe that the shear thickening behavior is due
to the increase in number of elastically active chains, i.e., more
intrachain associations transform into interchain associations
during flow. The polymer chains are stretched in the flow
process, leading to more interchain associations and thus to the
increase of viscosity.

For the shear thinning behavior in associative polymer
systems, the most plausible mechanisms are the dependence of
the sticky point lifetime on shear rates and the non-affine
deformations of the network at high shear rates.”** The inter-
chain association is enhanced with increasing concentration,
leading to the formation of network structure. Intrachain
association can be transformed into interchain association
during shear flow, leading to increased shear viscosity. At high
shear rates, the network is broken and shear thinning occurs.
The shear thinning behavior occurs in the concentration region
shown in Fig. 1c, in which polymer chains exhibit no entan-
glement. The Cox-Merz rule® relates the nonlinear properties
and linear properties of polymers:

n(¥) = M (@)lw—y (15)

As shown in Fig. 9a, the Cox-Merz rule holds at low shear
rates but severely fails at high shear rates. These results suggest
that the shear thinning behavior in this region is mainly due to
the shear-induced disruption of the network. The slope in shear
thinning region is from —0.34 to —0.61. With further increased

&
o

o(t)/c(t=0)

0.01
0.1 1 10

t(s)

Fig. 8 Normalized stress relaxation measured after pre-sheared for
various time t, = 1, 5, 10, 50, 100 and 200 s at ¥ = 1.38 s (¢ = 0.066).
Inset shows the change of relaxation time after pre-sheared for
different time.
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Fig.9 Steady viscosity and dynamic complex viscosity as functions of
shear rate or frequency at various volume fractions, unentangled

concentration range of 0.044-0.060 (a), entangled concentration
range of 0.089-0.110 (b).

0.01

concentration, the PI chains begin to entangle. In this region,
shear thinning is more remarkable, and the slope changes from
—0.60 to —0.69. In general, both of interchain association and
topological entanglement contribute to the network. At high
shear rates, interchain interaction is broken, resulting in
decreased viscosity. Shear thinning can be enhanced by the
disentanglement of polymer chains. Furthermore, the Cox-
Merz rule cannot hold at higher shear rates for different
concentration solutions, which is shown in Fig. 9b. Thus, the
shear thinning behavior observed in this study is attributed to
the destruction of network and disentanglement of polymer
chains during shear flow.

The nonlinear shear flow curves also show concentration
dependence, that is, the degree of shear thickening changes
with concentration. The degree of shear thickening initially
increases and then decreases with increased concentration,
which is shown in Fig. 2. This phenomenon can be explained by
the model proposed by Vaccaro and Marrucci for associative
polymers, which focuses on the change of the number of elas-
tically active chains during flow.>* In the unentangled solutions,
two processes account for the shear flow behavior. One is the
transition from intrachain to interchain association during flow
leading to shear thickening, and another is the destruction of
network leading to shear thinning. Disentanglement of polymer
chains also contributes to shear thinning in entangled solu-
tions. The degree of shear thickening first increases due to the
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enhanced thickening process with increasing concentration.
Above a critical volume fraction of 0.038, the thickening process
becomes weaker due to the decreased fraction of intrachain
associations in the system. Above entanglement concentration,
the associations are mostly interchain, the degree of thickening
becomes very weak. In addition, shear thinning process can be
strengthened due to disentanglement process. Competition
between these shear thickening and thinning processes is re-
flected in the variation of flow behavior with concentration,
making the degree of shear thickening first increases and then
decreases with increasing concentration.

5. Conclusions

The 6FDA-TFDB PI sample with M,, of approximately 88 000 g
mol ™" is synthesized. The associative behaviors of PI/CYC
solutions over a broad volume fraction region are investigated
by conducting steady and oscillation rheological tests. The
scaling behavior of viscosity (no-7s) versus volume fraction ¢ in
CYC solutions is in good agreement with the sticky Rouse model
and sticky reptation model proposed by Rubinstein and Seme-
nov, meanwhile the PI/DMF solutions can be described by the
theory for neutral polymers. Oscillatory rheological results
indicate that the PI/CYC solution tends to become a gel with
increased volume fraction. And the synchrotron radiation
small-angle X-ray scattering results indicate the existence of
dense aggregates in concentrated PI/CYC solutions. Novel shear
thickening followed by thinning behavior is observed in the PI/
CYC solutions. These results yield convincing evidence to show
that PI/CYC solutions exhibit associative behavior. The shear
thickening behavior is due to the shear-induced increase in the
number of elastically active chains, and the shear thinning
behavior occurs not only from shear-induced destruction of
network but also from the disentanglement of polymer chains
during shear flow. Definitely, CYC as a solvent causes stronger
dipole-dipole interaction in PI/CYC solutions compared with
PI/DMF solutions. It demonstrates that variation of relatively
weak interaction strength can transform PI from neutral poly-
mer to associative polymer.
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