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Abstract

Characterization of the crosslinked structure has been carried out for soft polyimide gels prepared from a soluble high-performance
fluorine-containing polyimide consisting of 4;hexafluoro-isopropylindene)diphthalic anhydride and-8jBydroxy-4,4-diaminobiphenyl
crosslinked with hexamethylene diisocyanate. Weight-average molecular whight ©.28x 10%), second and third virial coefficients
(A, = 0.82x 102 mol mlig?, A; = 6.42x 10 3 mol mF/g®) of the linear polyimide irN-methylpyrrolidone at 24 were determined by a
static laser light scattering measurement. The average molecular weight between crosslinkind poiasscalculated based on both swelling
and viscoelastic measurements of the polyimide gels. As for the equilibrium swelling data, a concentration-dependent form of the Flory—
Huggins parameter (i.e¢ = x; + x2¢) has been applied to calculate thk. The values oM. from equilibrium swelling and viscoelastic
measurement have been found to be in agreement. By compasiwith the results ofH-NMR, the percentages of effective and ineffective
linkages have been evaluated quantitatively for all the polyimide gels. It has been found that the elastically effective crosslinking is less than
20%. Results from classical and improved Flory—Rehner theory have been compared and we believe that the improved theory gives a more
reasonable description M. at higher crosslink densityd 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction applied to study the gelation dynamics and the nature of
gels. Dynamic and static light scattering can be used for
The volume phase transition of the polymer gels was studying the dynamics of polymer gels [11,12]. Small-
theoretically predicted by Dek and Patterson in 1968 angle neutron scattering (SANS) is a good technique to
[1]. Then in 1977-1978, it was first discovered experi- study the microscopic structures of gels [13]. Fluorescence
mentally by Tanaka et al. for an acrylamide gel in water studies have been made on the ionic poly(acrylamide) gels,
[2,3]. Since then polymer gels have attracted much more with dansyl fluorescent probes to investigate the micro-
attention than ever before. It is possible to design a wide environment changes during volume phase transition, by
range of intelligent materials using the volume phase Hu and Asano et al. [14—16H-NMR studies have been
transition (VPT) of gels. By introducing selectively active made on the nonionic and ionic paN{sopropylacrylamide)
ingredients into the polymer network, gels can be designed gels near their phase transition [17]. The morphology of gels
to respond against temperature, pH, electric field, magneticcan be studied with scanning electron micrograph (SEM)
field, pressure and so on [4-7]. These stimuli-responsive [18]. The gelation dynamics has been studied with real-
polymer gels are of major interest as novel intelligent time pulsed nuclear magnetic resonance measurements [19]
materials, e.g., self-oscillating gels [8], optical switching and dynamic mechanical behaviors [20].
gels [9], and shape memory gels [10]. In order to improve the mechanical properties of the
Vinyl-based polymer networks have been well studied swollen gels, either a physical method (freeze-dry) [6] or
and developed for polymer supports, hygiene products, a chemical method (using intrinsically high-performance
contact lenses and so on. Many approaches have beemolymers) can be applied. In the case of freeze-dry tech-
nique, microcrystallite or microphase separation [18] is
m author. Tel+81-3-5841-7289; fax:81-3-5841-8658, introducgd as additional phy;ical cross!inking junc.tions in
E-mail addresshejh@horie-lab.chem.t.u-tokyo.ac.jp (3. He). order to improve the mechanical properties. It is a disadvan-
! Tel.: +81-427-59-8056. tage that these junctions dissociate at higher temperatures.
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It is extremely important to control the physical structure
and topology of a gel in order to prepare a high-performance
gel material. In a well-controlled end-crosslinking reaction,
the molecular weight between two crosslinking poiltg
can be precisely estimated from the initial concentrations of
the monomer and crosslinker. For a randomly crosslinked
system, equilibrium swelling measurement is the method
most widely used for studyinlyl.. However, discrepancies
are usually observed betweev. calculated from the
reacted amounts of the crosslinker avd estimated from
equilibrium swelling. There are also some kinds of
computer simulations on the structure and elasticity of
polymer networks which give us a visual image of the top-
ology of the polymer network [24,25]. In the present paper,
we prepared a series of polyimide gels and studied their
swelling behaviors and viscoelastic properties. By using
the Flory—Rehner theory and the classical rubber elasticity
theory [26], we estimated the average molecular weight
between two crosslinking points from the data of both equi-
librium swelling ratio and compression modulus. The data
were also interpreted by using an improved Flory—Rehner
equation to give a more realistic view of the gel’s structure.
It is proved that less than 20% of the linkages form
elastically effective crosslinking.

2. Experimental
2.1. Reagents

All reagents were purchased from Tokyo Kasei Organic
Chemicals, Wako Chemicals and Aldrich Chemicals, and
were used without further purification unless otherwise
described.N-methylpyrrolidone (NMP) was distilled in
the presence of calcium hydride and stored with molecular
sieves.N,N-dimethylacetamide (DMAc) and triethylamine
(TEA) were stored with molecular sieves. Spectroscopic
grade of tetrahydrofuran (THF) was used.

2.2. Preparations of a polyimide (6FDA/DHBP) and
polyimide gels

The preparation of a polyimide, PI(6FDA/DHBP),

By using intrinsically high-performance polymers such as consisting of 4,4(hexafluoro-isopropylindene)diphthalic
polyimides and polyamides, swollen gels are expected to anhydride (6FDA) and 3/a&dihydroxy-4,4-diaminobipheny!
sustain stable mechanical properties in a wide temperature\DHBP) was carried out according to our previous paper [23].
region. Rigid polyamide networks have been intensively The thermal imidization of the polyimide was confirmed by
studied by Aharoni et al. [21,22] In our previous paper [23], |R spectra (Jasco IR-700) at the wave number of 1780, 1380
we reported for the first time that a soft gel was successfully and 725 cm®. Intrinsic viscosity, j], was equal to 0.89 dl/g
prepared from arigid polyimide chain. By using the polyimide in NMP at 30C. Thermal stability of the polyimide was
as the framework of the gel, itis expected to demonstrate gOOdinvestigated with a TAI 2050 Thermogravimetry Analyzer
thermal stability and high strength. In our previous paper, it showing a 10% weight loss at 49D (10C/min, in N).
was found that there was a side reaction existing during the PI(6FDA/DHBP) shows good solubility in several common
crosslinking. This is due to the reaction between hexamethy- solvents, such as, acetone, NMP, DMAc, and THF. THF was
lene diisocyanate and trace amounts of water, resulting in achosen as an extraction solvent for the polyimide gel.

urea linkage inthe gel. In the present paper, we have managed Two series of polyimide gels with initial polyimide

to suppress this side reaction.

weight concentrations of 5wt% (group “a”) and 10 wt%
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(group “b”) in NMP were synthesized according to the
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THF solution of the linear polyimide with a known con-

procedure in Scheme 1 (synthesis of polyimide gels). The centration was used as a reference for the ultraviolet

polyimide solutions were pre-heated at abouf@Gnd

measurement. Two absorption peaks are found at 260 and

degassed for at least 30 min in order to remove moisture 295 NM. €60 nm= 3.10x 10* | cm/mol, €95 pm= 2.34X

in the solution thoroughly. 2.pl/ml of TEA, the catalyst,

10* I cm/mol) Ultraviolet spectrum measurement was

and various concentrations of hexamethylene diisocyanateperformed with a Jasco V-570 UV/VIS/NIR spectro-

(HDI), the crosslinker, were added to polyimide solutions to
make polyimide gels with three different crosslinking
densities, NC@DH = 0.1, 0.5 and 1.0, which were coded

as G-1, G-2 and G-3 respectively. The side reaction, i.e. the
formation of urea linkages, has not been observed in

H-NMR spectra.

2.3. Static light scattering measurements

Static Laser Light Scattering (LLS) measurements were

carried out in Toho University. The linear polyimide was

dissolved in NMP to prepare a solution at a concentration of

0.01034 g/ml. The initial solution was then diluted into four
solutions and filtered with 5.0@m-pore filter paper, three

times before the measurement. The measurements wer

carried out at 24C using a He—Ne laser at 633 nm and
the scattering light was collected from an angle of 40 to
140 with an interval of 10 with a Union Giken Automatic
Light Scattering Analyzer LS-601. The specific refractive
index increment, d/dC, was measured with a Union Giken
Differential Refractometer RM-102.

In static LLS, the angular dependence of the excess

photometer.
2.5.'H-NMR measurements

The dried sol-free polyimide gels were swollen in
DMSO-d; for at least two days.'H-NMR spectrum
measurements were performed with JEOL JNM-GX270
FT-NMR for all the gels.

2.6. Swelling behaviors of polyimide gels

The dried sol-free polyimide gels were dipped into
various compositions of NMP/water mixed solvents at a
constant temperature (20). Cylinder-shaped gels were

%repared to study the swelling behaviors of the gels [23].

y measuring the diameter and length of the gels, the
swelling ratio was calculated. In contrast, by applying the
following equation:

(%)
P1 P2

Q= 2

P2

absolute time-averaged scattered intensity known as thewhereml andp; are the weight and density of the solvent

excess Rayleigh rati®,(q), of a dilute polymer solution

at a concentratiof (g/ml), and a relatively small scattering
angle 0, can be related to the weight-average molecular
weight M,,, the second and third virial coefficiedt,, Az

by Eq. (1) [27]

KC
Ry (@)

where K = 472n%(dn/dC)%/(NaAd)  and g = (4mh/A)
sin(6/2), with Na, n, and 4 being Avogadro’s number, the
refractive index of the solvent, and the wavelength of light
in vacuum, respectivelyd, andA; are the second and third
virial coefficient. (RG)y* (or written as(Ry)) is the root
mean-square-average radius of gyration. By measuring
R.(q) at a set ofC and g, we are able to determinigl,,
(Ry), A; and Ag from a Zimm plot which incorporates the
extrapolations off— 0 andC— 0 on a single grid.

1

My,

(1 + %(Ré)q2> + 2A,C + 3A;C? 1)

2.4. Determination of sol-gel fraction

inside the swollen geln, andp, are the weight and density
of the dried gel before the swelling. We can measure the
swelling ratio by weighing the sample even when the shape
of the gel is irregular.

2.7. Viscoelastic measurements

Polyimide gels in their as-prepared condition were
sandwiched between two circular plates and the complex
compression modulugE” of the gel was measured with a
Rheometric RSA Il viscoelastic apparatus at frequencies
from 0.0159 to 15.9 Hz at 26. The compression moduli
at 0.159 Hz were used for calculating thk.

3. Results and discussion

3.1. Molecular weight and Flory—Huggins parameter of the
linear polyimide

Static Laser Light Scattering of the linear polyimide,

The synthesized polyimide gels were cut into small pieces PI(6FDA/DHBP), was measured in a NMP solution at

and dried at 5T overnight, then vacuum dried at €D
overnight. The dried gels were dipped into THF to extract

24°C. The weight-average molecular weidy, the second
and third virial coefficientd\, and A;, were obtained from

the sol fraction out of the gels. THF was changed once everythe Zimm plot (Fig. 1). The results are summarized in Table

other day and this extraction continued for one week. All the
THF extracts were collected and mixed together to
determine the polymer content in the THF extracts. A

1. Because the angle dependence of K@JRg not linear,
we used a second-order polynomial approximation to extra-
polate the value at zero degree. As for the zero concentration
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Fig. 1. (a) Zimm plot for a linear PI(6FDA/DHBP) in NMP at 22; (b) Fitting from extrapolated values at zero degree with a second-order polynomial
C=0.01034 g/ml #), C=0.008272 g/m| M), C= 0.006204 g/ml &), C = 0.004136 g/ml[J), C= 0.002068 g/ml ©), C = 0 g/ml (®).

extrapolation at various angles, linear approximation is still and third virial coefficients|Ry), A, andAs as 39 nm, B2 x
applicable. 102 mol ml/g?, 6.42x 103 mol mi*/g®, respectively (Fig.
From the linear approximation of the extrapolated values 1b). The value ofA; is comparable with that of another
to zero concentration (solid circle in Fig. 1a), we found that polyimide, PI(BCPOBDA/DMMDA), which was derived
the weight-average molecular weigh,, is 928x 10" from 1,4-bis(3,4-dicarboxyphenoxy)benzene dianhydride
This extrapolation data was also used for approximating (BCPOBD) and 2,2dimethyl-4,4-methylenedianiline
the curve at zero degree. With five extrapolation data at (DMMDA) at the same order of magnitudes of the molecu-
zero degree plus one from the extrapolation at zero con-lar weight M,, = 1.24x 10°, A, = 1.6 X 10> mol ml/g?,
centration and zero degree, the second-order polynomial(R;) = 25nm) [27]. The (R) of PI(6FDA/DHBP) is
fitting gives the values of radius of gyration, the second larger than that of PI(BCPOBDA/DMMDA), because
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Table 1

My, A2 and Az from the Zimm plot for the linear PI(6FDA/DHBP).
(Co = 0.01034gml, Solvent: NMP Temperature: 28@; Refractive Index
of NMP: n3° = 1.470 (589 nm); Laser: He—Ne (633 nm)n(dC) = 0.169)

Function Second-order extrapolation

0—0 C—-0
My 9.26x 10* 9.28x 10*
A, (mol mlig?) 0.82x 103
Ag (mol mPP/g®) 6.42x 1073
(Ry) (nm) 39.2
Correlation coefficient 0.9811 0.9118

PI(6FDA/DHBP) is stiffer thus leading to a more expanded
conformation. The®, andA; are measures of the deviation
of a polymer solution from the ideal condition. It is related
to the Flory—Huggins parametey, in a concentration
dependent form by Egs. (3)—(5), [28]

1
5 X1
A, =2 )
? Vip?
1
3 X2
Ag= 32 )
* \ZT
X=x1t x2¢ 5

whereV; (= 96.6 cni/mol) is the partial molar volume of
the solvent,p (=1.30g/ml) is the density of the dry
polyimide, and¢ is the volume fraction of the polymer in
the solution.y; = 0.36 andy, = —1.03 have been obtained
for the present polyimide in NMP at 28. Many experi-
mental data have shown thgtindeed has a concentration
dependence in polymer-solvent systems with quite strong
interactions such as polar, ionic, or hydrogen bonding
between a polymer and a solvent [28-30]. Since the
polyimide is prepared with a polycondensation reaction,
the theoretical number-average molecular weight is
assumed to b&,, = M,,/2 = 4.6 x 10*.

3.2. Sol-gel fraction of polyimide gels

Two groups of polyimide gels, a and b, have been

Table 2
Sol fraction and conversion ratio of hydroxyl groups of the polyimide gels
crosslinked with hexamethylene diisocyanate

Sample Initial NCO/OH Sol OH
polyimide fraction conversion
concentration by weight ratio
(Wt%)

G-la 5 0.13 7.2% 0.15

G-1b 10 0.12 6.7% 0.19

G-2a 5 0.48 0.7% 0.58

G-2b 10 0.47 1.5% 0.52

G-3a 5 0.97 0.0% 1.00

G-3b 10 0.92 0.6% 1.00
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synthesized. It has been confirmed frdm-NMR spectra
that there exists no side reaction between the crosslinker and
water during the crosslinking. In each group, three samples
with different initial ratios of isocyanate group to hydroxyl
group varying from 0.12 to 0.97 are listed in Table 2. Group
“a” has an initial polyimide concentration of 5 wt% while
group “b” has 10 wt%. This is to investigate the initial
concentration effect on the final properties of the gels. We
will discuss it later in this paper. All the gels have dark
brown colors, but are clear. After being washed with THF,
sol fraction was extracted. There is only a small amount of
sol fraction (less than 10 wt%) found in all gels. Sol fraction
decreases with increasing crosslinking density. For G-3a
and G-3b, almost no sol fraction was found. It implies that
the crosslinker reacts with hydroxyl group thoroughly at a
high degree of conversion and leads to form a three-
dimension network with relatively less soluble fraction.

3.3. Determination of the OH conversion ratio

From the'H-NMR spectra (Fig. 2) of the polyimide gels,
we calculated the degree of conversion of hydroxyl group
on the primary polyimide chain. It is noticed that in
'H-NMR spectra a peak at 10.2 ppm represents the proton
of hydroxyl group, while peaks at 7—9 ppm belong to the
protons of the aromatic rings. The urethane formation by the
reaction between isocyanate group and hydroxyl group has
been ascertained by using a model reaction [23], but the
proton of urethane linkage (7.3 ppm) is overlapped by the
hydroxyl-substituted phenylene protons in Fig. 2. By inte-
grating the peaks at 10.2 ppm and 7—9 ppm, we are able to
estimate the reacted hydroxyl groups on the primary poly-
imide chain. The results are shown in the last column of
Table 2.

The degree of conversion of the hydroxyl group is almost
the same as that calculated from the initial ratio of the cross-
linker within the error range. This means there is no side
reaction occurring during the crosslinking. In our previous
paper [23] trace amounts of water were found to react with
diisocyanate and form urea linkages between two cross-
linkers which appeared at 5.7 ppm. Dehydration has been
carried out carefully in the present work so that there is no
urea linkage seen in the polyimide gels, which is ascertained
by the observation of no peak M1-NMR spectra of any
gels at 5.7 ppm which belongs to the proton of urea.

3.4. The swelling behavior of polyimide gels

Swelling behavior was studied in NMP/water mixed
solvents. In a 100% NMP solution, all the gels reach equi-
librium in about two days (Fig. 3). For gels with lower
crosslinking density, the initial swelling speed is faster. As
to the solvent composition dependence of swelling, all the
gels start swelling at 80 wt% of NMP in NMP/water mixed
solvents. (Fig. 4) Itis a continuous volume phase transition
and the maximum degree of swelling for G-1b, G-2b and
G-3bis 35, 18, and 9, respectively.
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Fig. 2. *H-NMR spectra of (a) G-1b, (b) G-2b and (c) G-3b polyimide gels in DMSO-d

The equilibrium swelling ratio measurement is a typical gel, Q, by Q = 1/¢. V; is the molar volume of the solvent
approach to characterize polymer networks [31]. By (V; = 96.6 cni/mol for NMP), p = 1.30 glcmt® the density
combining Flory—Huggins theory of polymer solution and of the dried gelM, the number-average molecular weight of
the elasticity theory of rubbers, Flory—Rehner’s equation, the primary polymer. The term (1-MB/M,) is a correcting
Eq. (6), is derived [26]. We are able to estimate the averagefactor that takes the influence of dangle primary chain ends

molecular weight between two crosslinking point, by into account. An effective crosslinking point is a crosslinker
using this equation. with both ends connected to polymers, both of which can
5 3 reach other crosslinking points. By applying this equation,
INQ = ¢+ ¢+ x1d” + xod we calculatedV, for our gels as is given in Table 3.

oM It is obvious that from the values &f,/M. being larger

C . . . .. .
PVl(l— ,\T) ! than unity, the primary polymer chains are divided into
+ M—“(dﬁ - 5) =0 (6) several effective crosslinking units. In other words, there

Cc

are several effective crosslinking points on one primary
Here ¢ is the volume fraction of the polyimide inside the polymer chain. Assuming that an effective crosslinking
gel, which is related to the equilibrium swelling ratio of the point consists of two effective urethane linkages connecting
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Fig. 3. The swelling rates of G-1b, G-2b and G-3b in pure NMP 8€C2¥, corresponds to the volume of the initial dried gels).

different polymers, we can estimate the percentage of effec-adjacent hydroxyl groups of the same polymer chain [32]
tive linkages for these polyimide gels by the following (Scheme 2, lllustration of the crosslinking structure for G-1a
calculations. From théH-NMR spectra, the total number (crosslinkers are in bold lines)). These small loops formed
of linkages can be determined by integrating the peak of by the crosslinkers do not make any contributions to the
hydroxyl group. The number of effective linkages per elasticity of the network. In our case, pendent crosslinkers
primary polymer chain is estimated to bé,/M.. Thus do not exist because the initial ratio of the crosslinker to the
based on chemical'i-NMR) and physical (equilibrium  hydroxyl group agrees with the result measured wih

swelling) measurements, we get a quantitative concept of NMR. For an original polyimide chain in G-1a, there are 19
the crosslinking structure inside these kind of gels. The hydroxyl groups having reacted but only 2.18 are elastically
results are summarized in Table 3. effective, i.e. 11% of the total OH group which reacted. We

There are about 74 monomer units per primary polyimide
chain and each monomer unit has two hydroxyl groups.
Therefore there are totally 148 reactive hydroxyl groups
per polyimide chain. According to the initial ratio of the
crosslinker and the calculated hydroxyl conversion ratio
from H-NMR data for G-1a, it is believed that 13% of

can see from Table 3 that with increasing crosslinker
content, the effective linkage fractiofy;, decreases to
only 3.6%. The distance between two isocyanate groups is
estimated to be 1.26 nm in average for HDI [25], and the
minimum distance between two adjacent OH groups on the
same monomer unit of the polyimide would be 0.75 nm. If

the hydroxyl groups have reacted with the crosslinker. So the average distance between two polymer chains is larger

there aren;,c = 148X 13%= 19 linkages per polymer

chain. However not all the linkages are elastically effective,
as is shown by thév; data, and it is postulated that the
crosslinkers are likely to form loops by reacting with the

40

than the length of HDI and the distance between two adja-
cent OH groups, the effective crosslinking reaction between
two different polymer chains would be suppressed to take
place, compared to the adjacent loop-forming reaction. In

——G-1b
—&—G-2b
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Fig. 4. Equilibrium volume change of gels in NMP/water mixed solvents &€ Z0, corresponds to the volume of the initial dried gels).
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our case, by considering polymers as parallelly arranged acetyl group swollen in water showed a tensile modulus
cylinders with a diameter of 0.75 nm uniformly dispersed of 1.0 x 10* Pa [34]. Here, at almost the same liquid content,
in the solvent, there would be a space of approximately 2.6 all the polyimide gels have compression moduli several
and 1.6 nm between polymer chains in average for the poly- times larger than.D x 10* Pa and for G-3a, it even reaches
imide concentration of 5 and 10 wt%, respectively. In other 7.8 10° Pa. This improvement of the strength is mainly
words, the average distance between two hydroxyl groupsdue to the nature of the rigid polyimide framework.
attached to different polymer molecules is larger than the

length of the crosslinker. Therefore HDI has much more 3.6. Improved Flory—Rehner equation

priority to react with an OH group nearby on the same ) . )

polymer chain than with OH groups on other polymer The classical theory applleq above describes the cross-
chains in a distance. That is why the percentage of effective INking structure of the polyimide gels. However, a quanti-
linkages is so small and we have seen no significant differ- (2live agreement between the theory and experiments has
ence in degree of swelling for the two groups of polyimide not yet been attained in genergl for the practical application
gels after raising initial polyimide concentration from t© swollen polymer gels. The discrepancy appears to be due

5 Wt% (group a) to 10 wt% (group b). to ove_rsimplifi.ca}tion employed in the _theory: su_ch as
Gaussian statistics of the polymer chains which ignores
3.5. Viscoelastic measurements the segment-segment correlation and phantom assumption

which ignores the topological constraints. In the case of a
Dynamic mechanical measurements were performed forreal polymer network, the polymer segment distribution is
the gels in their as-prepared conditions. The shear modulus given by the self-avoiding walk (SAW) statistics. In equi-
G, derived from the classical rubber theory is given by [33] librium swelling Eq. (8) has been proposed [35],

E—3G-= 3dRT(1 - 2MC> @) (3 - Xl) ;

Me Mn ;:&XE[E(]‘.;_E)]Z[Q%_Q%]
whered is the density of the swollen network at the time of (1 - %) % 6L5 2
the measurementM. is the molecular weight between n 0
elastically-active junction points anil, is the number- 6 N1 .
average molecular weight of the primary polymer. A typical — A3[ (f + E)] Q= (8)
frequency dependence of the dynamic modulus measure-
ment for the polyimide gel G1-b, is shown in Fig. 5. Storage whereQ is the equilibrium swelling ratidf is the degree of
modulus E’, almost keeps constant from 0.0159 Hz to ionization which we can disregardy; is the third virial
15.9 Hz. The values dfi. are calculated from Eq. (7) and coefficient, @¢ is the volume fraction of the polymer at
are summarized in Table 4. We found that the valuellof  the time of gel preparation which is 0.040 at 5 wt% and
calculated from viscoelastic measurements agree quite well0.081 at 10 wt%lV, is the molecular weight of the repeating
with those calculated from the equilibrium swelling ratio. unit, M, is the number-average molecular weight of the
TheM. is almost the same for group “a” and “b” of the same primary polymer. The results are summarized in Table 5.
crosslinking density. Practically speaking, changing the The values oM calculated from this improved equation
initial polymer concentration from 5 to 10 wt% has no effect (Eq. (8)) are smaller than those calculated from the classical
on the final properties of the present gels. It should be equation (Eq. (6)), and the discrepancy becomes more
noticed that the polyimide gels have higher moduli than marked with increasing crosslinking density. The classical
those of vinyl polymer networks. For example, a 8 wt% Flory—Rehner equation ignores the segment-segment corre-
poly(vinyl alcohol) (PVA) gel containing 4 wt% residual lation that leads to the underestimation of the number of the

5

Polymer Chain

Effective Crosslinking

Scheme 2.
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Fig. 5. E (A), E” (W), and tard (#) vs. frequency for the polyimide gel G-1b.

equation is supposed to give a smalldg. When the

Table 3 . . .
The equilibrium degree of swelling, calculatedV; and estimated fraction gel is highly crosslinked, the entanglement of polymer
of effective linkage of the polyimide gels chains and segment-segment correlation in the as-
prepared state exist more markedly than in the weakly
Sample  NCO/OH Q M. Min® e’ for = Mot/ Nk crosslinked gel. Therefore we believe the improved
G-la 013 353 21x10° 19 218 011 Flory—Rehner theory gives a more accurate calculation
G-1b 0.12 328 ®M8x10* 18 221 0.12 of M, at higher crosslinking densities. As for the values
G-2a 048 178 ¥0x10' 71 270 0.038 of fe, although varying from 0.06 to 0.14 they can be
G-2b 047 14.6 50“8: 69 3.07 0.044 considered as the same around 0.10 within the experi-
g:g‘g 8_'3; g:i g?i 104 igg gég 8:823 mental error range. The_elastically effe_ctive crosslin_k_ing
and loop forming reactions are a pair of competitive
aNumber of reacted OH group per polymeNgyx NCO/OH reactions. The crosslinking reaction involves two steps:
(DP=My/624=T74, Noy = 2DP= 148). at first one isocyanate group of the crosslinker reacts
" Effective linkage per polymenes = My/M.. with one OH group on a polyimide chain, and second

. Chective I .
Effective linkage fraction. the remaining isocyanate group of the crosslinker reacts

with an adjacent OH group which is either on the same
or another polyimide chain relative to the first reacted
OH group. This second step determines the final frac-
tions of effective and loop linkages. For the pendent
isocyanate group of the crosslinker bound to a polyi-
mide chain, the ratio of concentration of OH groups on
Table 4 the same polyimide chain to that on other polyimide
Compression moduli of polyimide gels in their as-prepared states measured(:ha-ins is always kept constant during the crosslinking
at 0.159 Hz, 25 and the resultingl, calculated from Eq. (7) reaction independent of initial crosslinker concentra-
tions. Therefore the final fraction of effective linkage
fer, can also be considered constant regardless of the

effective linkages. On the other hand, the improved
equation uses the (SAW) statistics that makes the poly-
mer chains have a more expanded conformation than
the Gaussian distribution of the polymer chains. There-
fore, at the same degree of swelling, the improved

Sample Dimension (mm) 'HPa) E (Pa) d®(g/ml) M,

G-la 115%95x45 69x10° 20x10° 1.05 19x 10¢ initial crosslinker concentration. The average value of
G-1b 50x55x55 47x10° 7.9x10° 1.05 20x 10¢ 0.10 means the probability ratio of the effective cross-
G-Zf; 65x85x40 86X 182 12x 1833 1.05 18><1$ linking with another polymer to the loop-forming reac-
G-2 35x50x55 75x10° 21x10° 1.05 19x1 ; : : :

ion with th m lymer is 1 r in other wor
G-3a 75x80x30 78x10° 82x10" 1.05 Q70x 10 tio th the same polymer is 09,0 other words,
G-3b A5X50X45 A6x1P 62x10° 1.06 098% 10° the local concentration of OH group from the same

polymer is 9 times larger than that of the OH group

2The densities of the swollen gels in their as-prepared state which are from another polymer within the reactive domain of the
calculated from the densities and weights of the dried gels and the solvent.jsopcyanate group.
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Table 5
CalculatedM, and estimated fraction of effective linkadg;, of the poly-
imide gels using the improved Flory—Rehner’s equation

Sample NCO/OH Q M. Nink  Neff fet = Def/Nink
G-la 0.13 353 rox10® 19 27 0.14

G-1b 0.12 328 DP1x10* 18 24 0.3

G-2a 0.48 178 ©®1x10* 71 50 0.070

G-2b 0.47 146 D7x10" 69 43 0.062

G-3a 0.97 8.9 @9x10° 144 159 0.11

G-3b 0.92 9.1 ®4x10° 136 8.5 0.062

4. Conclusion

Swollen gels with rigid polyimide chains have been

synthesized. The crosslinking reaction proceeded between
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