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coil, i.e., C* ;= M-4/5 (where M is the molecular weight of 
t h e  macromolecules).20 But the formation of internal  
cross-links in a polymer coil means the existence of loops.2o 
Theoretica121,22 studies have shown that i n  a good solvent 
where excluded-volume effects predominate ,  the proba- 
bility that two given polymer sites on the same chain come 
into close contact decreases sharply with their distance on  
the chain. In a polyhydroxy compound-borate system 
where a n y  polymer s i te  is able to form a complex, intra-  
chain complexes would then imply the existence of small 
loops whose size should be governed by  the local structure 
of the chain (i.e., rigidity). In th is  “small loop” picture, 
the concentration of complexes is independent of the 
polymer molecular weight (as far as the chain is longer than 
a possible minimal loop length). St i l l  the number of in- 
trachain complexes per macromolecule increases with the 
molecular weight. As a consequence, for polyhydroxy 
compound solutions we m a y  expect that intrachain borate 
complex formation is more easy for flexible polymers such 
as poly(viny1 alcohol) or poly(glycery1 methacrylate) than 
for rigid polysaccharides (e.g., galactomannans) although 
the complexation mechanism is very similar. 

1,2-Propanediol, 57-55-6; borax, 1303-96-4; 
poly(glycery1 methacrylate), 28474-30-8; poly(viny1 alcohol), 
9002-89-5; galactomannan, 11078-30-1. 
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ABSTRACT The kinetics and the mechanisms of thermal imidization of polyamic acid made from a conjugated 
diamine @,p’-diaminoazobenzene) and a nonconjugated dianhydride (6F-DA) were investigated both in dilute 
solution and in solid state in the temperature range 150-190 “C. UV-vis absorption spectroscopy was the 
main tool used even though IR spectroscopy was also used for comparison with the results from W-vis studies. 
UV-vis spectral changes as a function of imidization time were analyzed on the basis of the previously reported 
model compound studies in order to obtain the composition of various imidization species (Macromolecules 
1987,20, 1414). In 1% N-methylpyrrolidone solution, dissociation and the first imide ring closure proceed 
faster than the second imide ring closure of polyamic acid/imide at  all three temperatures studied (150,170, 
and 190 “C). This trend is attributed to the reduced basicity of the amide group in polyamic acid/imide in 
comparison to the analogous group in polyamic acid. Activation energies for the fast process and the second 
ring closure were 11 and 18 kcal/mol, respectively. During the early stages of imidization in dilute solution, 
IR spectra suggest some dissociation of polyamic acid as well as imidization. On the basis of these findings, 
the mechanism of imidization for dilute solution has been proposed. In solid-state imidization, the apparent 
imidization rate was initially faster than in dilute solution due to the catalytic effect of the neighboring amic 
acid group but levels off probably due to vitrification. Therefore, the mechanism of solid-state imidization 
must take into account the catalytic effect of the neighboring amic acid groups and the decreasing mobility 
effect as a function of cure time. Modeling studies to predict spectral changes as a function of the ratio of 
the two imidization rate constants are consistent with the observed results in dilute solutions. The results 
are adequately modeled by assuming a first-order, two-step imidization reaction, assuming a small extent 
of dissociation. On the other hand, solid film results seem to be reasonably simulated by assuming a second-order 
reaction for the first step, followed by a first-order reaction for the second step to  account for the decrease 
in the concentration of the conformationally favorable catalytic amic acid group. Finally, there is a good 
correlation between UV-vis results and IR results, in regard to the overall extent of reaction in solid films. 

Introduction 
Polyimides are an impor tan t  class of high-performance 

polymers. Excellent mechanical and electrical properties 
as well as high-temperature stability make these polymers 
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sui table  for applications i n  the aerospace industry as 
high-performance composites and in the electronics in- 
dustry as high-temperature coatings. Difficulty in pro- 
cessing, however, has slowed the widespread use of these 
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Simplified Two-Stage Reaction Scheme for the Polyimide 
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polymers by making them expensive and limiting their 
applicability. Factors responsible for this problem include 
poor solubility and the evolution of volatiles during heat 
treatment.’ The presence of voids in thick films is common 
because of residual solvent and byproduct volatilization 
throughout processing. Another reason for processing 
problems is the lack of information about the imidization 
mechanisms and kinetics; previous studies of these pro- 
cesses, especially solution studies, have often been con- 
tradictory and incomplete.2 In industry, complex, em- 
pirically established, and costly multistage processing is 
often employed to reduce these problems. 

In order to shed light on the kinetic parameters and the 
mechanisms involved in thermal imidization, we explored 
electronic spectroscopy as a characterization tool. By 
utilizing UV-vis absorption spectra, we were recently able 
to distinguish several imidization products as demon- 
strated with the model compounds and to quantify their 
formation and di~appearance.~ Such a distinction has not 
yet been possible by other spectroscopic techniques such 
as IR or NMR. 

Before elaborating on this technique, it is important to 
review the chemistry of polyimides and the results of the 
imidization studies by other spectroscopic characterization 
techniques. In the following section, we also propose a new 
reaction scheme (Scheme 11), including a two-step imidi- 
zation process applicable in some cases. 

Polyimide Synthesis: Reaction Schemes. Linear 
polyimides are made by the imidization of polyamic acids, 
which are formed by the reaction of dianhydride with 
diamine. While polyamic acid formation proceeds quickly 
a t  low temperatures, imidization requires much higher 
temperatures. These two stages are usually considered 
separately as illustrated in Scheme I. Polyimides can be 
classified into four groups, depending on whether the di- 
amine or the dianhydride is conjugated or not. Each of 
these groups has different final properties as well as dif- 
ferent processing requirements.lb The reason for this trend 
can be understood in view of the nature of the reactions 
involved. 

The formation of polyamic acids from diamines and 
dianhydrides proceeds via nucleophilic substitution on the 
anhydride carbonyl atom with the amine acting as a nu- 
cleophile. I t  has been shown that the reaction rate is 
dependent on the basicity of the amine, the electrophilicity 
of the anhydride carbonyl, and the basicity of the solvent.& 
It  is well-known that the formation of polyamic acids is 
a reversible reaction where the factors described above play 
important roles in determining the rate constants and the 
equilibrium constants.4b This reversible degradation of 
polyamic acids into amines, acids, or anhydrides consti- 
tutes a serious competing reaction with the imidization 
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Polyimide Reaction Scheme 
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step, as illustrated in Scheme II.lasb 
The thermal imidization of polyamic acids involves cy- 

clization through the nucleophilic attack on the acid car- 
bonyl carbon by the free electron pair of the amide ni- 
trogen. As is the case in the formation of polyamic acids, 
imidization kinetics are complicated by many factors in- 
cluding the properties of the solvent and the precursor 
polyamic acids. Reaction rates have been found to increase 
with decreasing solvent basicity in both solid films5a and 
solutions.2c 

Lavrov and co-workers showed that the cyclization rate 
is accelerated by an increase in the electron density on the 
amide nitrogen, which is directly related to the basicity 
of the initial amine.2b They also suggested that the re- 
activity would further increase with the electrophilicity of 
the acid carbonyl. In addition to the reversible hydrolysis 
of the amide group from polyamic acids (PAA), another 
hydrolytic reaction can occur from polyamic acidlimide 
(PAI) to a reacted species (PMI) containing imide and 
amine as illustrated in Scheme 11. Nonconjugated di- 
amines or dianhydrides have spacer groups such as car- 
bonyl, oxygen, or sulfur between aromatic rings. These 
groups inherently influence the basicity of the amines or 
the electrophilicity of the anhydride carbonyl mainly by 
inductive effects, so that their reaction rates are different 
from those of conjugated systems. However, the reactivity 
of amine, anhydride, or amic acid at  the para position in 
the conjugated system is expected to be strongly influenced 
by the substituent at  the para’ position. This is because 
a strong electron acceptor such as an imide group para to 
the amide nitrogen is found to increase the extent of hy- 
drolysis dramatically.6 

For example, in the case of the conjugated diamine, the 
hydrolysis step characterized by the equilibrium constant 
k5 is probably more important than the hydrolysis step 
from PAA characterized by k2. In Scheme 11, we also chose 
to write the cyclic imidization by a two-step process (k4  
and k6) .  This scheme proposes the formation of an al- 
ternating amide-imide backbone prior to complete imi- 
dization. This idea is justified in the case of the conjugated 
diamine since the reactivity of the amide nitrogen in PA1 
in comparison to PAA is expected to be lower due to the 
electron-withdrawing imide group in PAI. Indeed, Lavrov 
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et al. confirmed that the electron-accepting or -withdraw- 
ing nature of the substituent para to the amide nitrogen 
is the single largest factor in determining the imidization 
rate of model mono amic acids.2b To the best of our 
knowledge, such a two-step imidization process has never 
been experimentally observed. This is due to the fact that 
IR spectroscopy, which is most often used to follow the 
kinetics of imidization, cannot distinguish between the two 
major imide species (PA1 and PII). 

Imidization kinetics are also influenced by factors such 
as solvent content and the physical state of the polyamic 
acid. Brekner and Feger reported that the hydrogen- 
bonded complex formed between the solvent N-methyl- 
pyrrolidone (NMP) and polyamic acids can prevent the 
reactive groups of the amic acid from getting into the 
conformation required for imidization to occur.' They 
noted that this effect is less pronounced in solution than 
in the solid state because the constant solvent exchange 
in solution increases the conformational mobility of the 
reactive groups. Ginsburg and Susko demonstrated that 
the rate of reaction in solid films increases with film 
thickness due to solvent retentions Polyamic acids have 
generally lower Tgs than polyimides. Therefore, during 
the solid-state reaction of polyamic acids, vitrification can 
occur due to the solvent loss as well as the imidi~at ion.~ 
It is speculated that the evaporation of solvent and water 
(an imidization byproduct) as well as the imidization itself 
is controlled by vitrification. 

All the factors discussed above such as the types of 
monomers and residual solvents, the competing reactions, 
and the physical state of the reaction strongly influence 
the imidization characteristics of polyamic acids. The 
limited solubility of polyimides further adds to the diffi- 
culty of their characterization, and consequently most 
studies of them have been limited to solid-state reaction 
studies by IR spectroscopy.*J" In solutions such as N- 
methylpyrrolidone, solvent interference in IR spectra 
usually renders quantitative analyses difficult at  best. 
Some researchers have tried to minimize this by precipi- 
tating polyimides in water before IR analysis, but this 
process could introduce errors due to the competing hy- 
drolysis of the unreacted amide groups.lob 

Review of IR and NMR Studies. As mentioned 
above, the most widely used technique for monitoring 
polyimide formation is infrared spectroscopy. Absorption 
bands characteristic of the imide ring occur at  1770-1800 
cm-' due to the symmetric imide carbonyl stretch, at  
1370-1380 cm-' from the imide carbon-nitrogen stretch, 
and near 721 cm-l due to the imide ring bending. The 
latter two absorptions can be used for quantitative studies, 
but the carbonyl absorption may deviate from the Beer- 
Lambert law due to hydrogen bonding.2a The extent of 
imidization by IR spectroscopy is usually estimated by a 
ratio of the imide peak with a reference aromatic vibration. 
The common trend observed in such plots of imidization 
extent versus time in the solid films is a rapid initial rate 
followed by a more gradual conversion. 

Several ideas have been proposed to account for the 
apparent two-step cyclization, including the nonequivalent 
kinetic states of the amic acid groups,ll vitrification as 
defined before, or the decomposition of polyamic acids 
back to the anhydride and amine groups. However, it is 
not possible to decide which if any of these idea(s) is re- 
sponsible for the kinetic behavior since the IR method only 
provides overall imide ring concentration and thus cannot 
differentiate between different reacted such as PII, PAI, 
and PMI in Scheme 11. Very recently, nitrogen-15 NMR 
using dipolar decoupling, cross polarization, and magic 
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Scheme I11 
Chemical Structures of the Diamine and Dianhydride Used 
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angle spinning has been explored to characterize the re- 
action to polyimides.12 Weber and Murphy were able to 
identify imide, amide, and amine peaks in enriched N-15 
NMR spectra.15 However, quantitative analyses are not 
yet available since the detailed knowledge of the relaxation 
parameters for each type of nitrogen is needed and it has 
not yet been demonstrated whether N-15 NMR can dis- 
tinguish between different reacted species such as PA1 and 
PII. 

Design of the Experiments. In order to thoroughly 
understand and optimize the imidization process both in 
solution and in the solid state, we needed a technique to 
differentiate between the various reacted species shown 
in Scheme 11, one which would not be influenced by the 
presence of the solvent. For these requirements, we chose 
UV-visible absorption spectroscopy because a solvent such 
as NMP does not interfere with the polymer absorption 
in most of the UV-visible range. If the various reacted 
species show sensitive changes in fluorescence, that can 
also be used. Unfortunately, the cyclization species studied 
in this work did not exhibit much fluorescence. As for the 
polyimide system, we chose a conjugated diamine and a 
nonconjugated dianhydride in order to reduce the 
charge-transfer complex formation known to occur when 
both monomers are conjugated.13J4 The charge-transfer 
complexes are usually intensely colored and could interfere 
in the UV-vis spectra. In this study, diaminoazobenzene 
(DAA) is used as a conjugated diamine, while a fluorinated 
dianhydride is used as a nonconjugated dianhydride (see 
Scheme I11 for their chemical structures.) Recently, we 
have used DAA to study the cure reactions and species 
with diep0~ide.l~ In epoxy systems, we took advantage of 
the magnified spectral shifts when the two amino sub- 
stituents are at the opposite para positions. As the diamino 
groups are chemically transformed to the secondary and 
the tertiary amines, the bathochromic spectral shifts and 
the large enhancement of the fluorescence intensity were 
observed in UV-vis absorption spectra and fluorescence 
spectra, respectively. By analyzing these spectral changes, 
we were able to monitor composition, the kinetic param- 
eters, activation energy, and extent of reaction. 

In polyimides, UV-vis spectral shifts as well as the 
changes in the extinction coefficients are also observed, 
depending on the reacted  specie^.^ This is observed when 
using DAA as the diamine because of the unique electronic 
states associated with each cure species. As we recently 
demonstrated, the diamic acid derivative of DAA shows 
a blue shift of 20 nm from that of DAA. This shift is due 
to the weaker electron-donating capacity of the amide bond 
as compared to the amine toward the conjugated azo bond. 
When one of the amic acids is cyclized, a red-shift of about 
20 nm results from the greater resonance induced by the 
push-pull effect of the amide-imide combination. Imi- 
dization at both sides of diamic acids destroys this effect 
and greatly reduces the electron density near the azo 
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Table I 
Absorption Maxima, Spectral Shifts, and Extinction 

Coefficients of Various Imidization Products of 
Diaminoazobenzene (DAA) 

A,,, AA,O 6 X lo"', 
cnmnniind nm nm L/mol.cm r----- __... 

H,NPhN=NPhNH, 
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co 

amic acid-imide 

diimide 

~ 

415 

393 

413 

343 

417 

0 

-22 

+20 

-68 

+4 

4.5 

3.9 

2.0 

3.0 

3.1 

amine-imide 
"This is the successive spectral shift. For diimide and amine- 

imide, the spectral shift is measured from amic acid-imide, as il- 
lustrated in the sequence of reactions in Scheme 11. 

linkage. Thus, a large blue shift is observed for the diimide 
derivative of DAA. For amine-imide, which can be a hy- 
drolysis product from amic acid-imide, the absorpt ion 
maximum appears at 417 nm, due to the push-pull effect. 
Since the amine is more donat ing than the amide, the 
absorption maximum occurs at a slightly longer wavelength 
than that of the amide-imide species. Table I summarizes 
the absorption maxima, spectral shifts, and extinction 
coefficients of various DAA derivatives expected from the 
imidization process. Scheme IV shows the reaction routes 
used for the syntheses of various model reacted  specie^.^ 

Experimental Section 
Materials. Diaminoazobenzene (DAA) was purchased from 

Eastman Kodak and recrystallized from methanol. Electronic 
grade dianhydride, 6F-DA, 5,5'-[2,2,2-trifluoro-l-(trifluoro- 
methy1)ethylidenel bis(l,3-isobenzofurandione), was a gift with 
American Hoechst and used without further purification. N -  
methylpyrrolidone (NMP) was purchased from Aldrich, dried over 
molecular sieve type 4A, and distilled twice at  reduced pressures. 
Freshly distilled NMP was used for imidization studies. 

Imidization Studies. NMP complicates imidization studies 
in solid films due to its complex formation with polyamic acid' 
and its high boiling point, which makes it difficult to remove; so 
we used acetone as the casting solvent. All glassware used for 
polyamic acid and polyimide synthesis was oven dried at  100 "C 
for 1 h. Equal moles of DAA (0.0808 g) and 6F-DA (0.1962 g) 
were each dissolved in 1.5 mL of acetone and cooled to 0 "C. The 
dianhydride solution was slowly added to  the diamine solution 
and the well-mixed solution was kept a t  0 "C for 30 min to make 
polyamic acids. A thin polyamic acid film was cast on a large Petri 
dish and vacuum dried for 2 days to remove the acetone. After 
removing the acetone, we obtained films of polyamic acids which 
are about 1 mil in thickness. IR spectra of these films confirmed 
the presence of amic acid structure by characteristic absorptions 
a t  3280 (NH), 3100 (OH), 1669 (C=O), 1598 (C=O), and 1537 
(NH) wavenumbers. Only trace amounts of unreacted anhydride 
were detected in the IR spectra. The UV-vis spectra in NMP 
solution showed the main absorption peak at  393 nm, corre- 
sponding to  the diamic acid absorption. In addition, significant 
absorption a t  415 nm due to the presence of imideamide species 
was also observed. IR spectra confirmed the presence of some 

Scheme IV 
Reaction Scheme for the Synthesis of Model Imidization 

Products of Diaminoazobenzene 
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diimide 

aminelimide 

HOOC w 
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imide peaks. Therefore, the polyamic acid films we used for 
imidization studies were not 100% polyamic acid, but rather 
partially imidized or dissociated polyamic acids. Attempts to 
synthesize 100% pure polyamic acids were not successful. 

The thermal imidization of these partially imidized or disso- 
ciated polyamic acid "s was followed by the shifts in the UV-vis 
spectra a t  various temperatures and concentrations. Sroog and 
co-workers noted the poor hydrolytic stability of polyimides 
derived from conjugated diaminesa6 Since our system employs 
a conjugated diamine, particular care was taken to  facilitate the 
removal of water formed during imidization. The requirement 
of constant concentration complicates the removal of water be- 
cause of possible solvent loss. In order to overcome these prob- 
lems, the reaction apparatus using a three-necked flask was set 
up where a Dean Stark tube was used in the center neck instead 
of a condenser so that water vapor could exit the reaction flask 
without loss of solvent. A constant flow of dried argon as purge 
gas was maintained so that water vapors were carried out of the 
reaction at  a constant rate. Films were dissolved in freshly distilled 
NMP to the desired concentration and well-stirred solutions were 
purged with dried argon before immersion in the preheated 
constant-temperature bath. Samples of 5 pL in volume were taken 
out of the reaction flask through the rubber septum by using a 
microsyringe. Samples were diluted to a constant concentration 
(1.33 x g/L) in freshly distilled NMP before spectra were 
taken. 

As with solution studies, the reaction conditions in solid film 
imidizations are most important. We used a modified, round- 
bottomed flask with a long, tapered side arm. Small pieces of 
the polyamic acid film were placed into the lower bulb and the 
reaction apparatus was purged with dried argon before being 
immersed in the preheated, constant-temperature bath. Samples 
were taken out with a long spatula at set time intervals and 
dissolved in NMP for spectral analysis. The purge gas inlet tube 
was extended well into the oil bath before it entered the reaction 
flask, allowing the gas to be heated before entering the reaction 
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chamber and the water vapor formed during imidization to be 
pushed out. The flow rate of purge gas was kept constant. Since 
the weights of the film pieces were not always the same, the 
polymer concentration after dissolving in NMP was not constant 
for solid film studies. 

Spectroscopic Characterization. Infrared spectra were 
recorded on a Nicolet 60SX FT-IR spectrophotometer. UV-vis 
spectra were recorded on a Perkin-Elmer Lamda Array spectro- 
photometer (Model 3840 with a 7600 Data Station). 

Results and Discussion 
Modeling Spectral Changes Based on Imidization 

Kinetics. Before we quantitatively analyzed UV-vis 
spectral changes in terms of imidization kinetics, we carried 
out some modeling studies to predict how the kinetic pa- 
rameters could influence the spectral changes. It is im- 
portant to realize that we always observed red shifts in 
epoxy curing as the DAA label was converted to the sec- 
ondary and tertiary amines. However, in imidization, the 
first imide ring closure (PA1 in Scheme 11) results in a 
moderate red shift ( - 2 0  nm) while the second imide ring 
closure (PI1 in Scheme 11) is followed by a greater blue shift 
(-70 nm). In this case, the magnitude of the ratio of the 
two imidization rate constants, k ,  and k 2  as defined below, 
is found to determine the overall spectral changes. 

From Scheme 11, we can write the following three kinetic 
differential equations for the two main imidization reac- 
tions by neglecting other competing reactions. 
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ki k2 
PAA - PA1 - PI1 

X Y 2 
-dx/dt = 2kix (1) 

(2) 

dz/dt = k g  (3) 

-dy/dt = -2klx + k g  

where x ,  y, and z are the fraction of PAA, PAI, and PII, 
respectively, and their sum is equal to unity. 

Equations 2 and 3 can be solved in terms of x assuming 
that r is equal to k 2 / 2 k l  as shown in eq 4 and 5. On the 

(4) 

(5) 

basis of eq 4 and 5, one can calculate y and z values for 
a series of x values given the ratio r. Figure 1 illustrates 
plots of x, y, and z values for two different r values as a 
function of the extent of overall imidization, ti, which is 
defined by eq 6. 

ti = (Y + 22)/2 (6) 

As expected, Figure 1 shows that the formation of di- 
imide species ( z )  occurs sooner when k2 is the same as k ,  
(r  = 0.5) as compared to the case when k2 is much smaller 
than k ,  (r = 0.05). 

Now, the next step is to generate UV-vis absorption 
spectra for a wide range of r values by digital addition 
corresponding to sets of x, y, and z values from the stored 
spectra of each species. Examination of a series of the 
spectra thus generated shows that the overall spectral 
response can be divided into two trends depending on the 
magnitude of r. When R is greater than 0.3 no red shift 
is predicted before blue shifts occur, as illustrated in the 
top spectrum of Figure 2 for the case of r being equal to 
0.5. When r is less than 0.3, some red shift is first pre- 
dicted, followed by the blue shifts. However, when r is less 
than 0.001, a maximum red shift of 24 nm, from 345 to 415 
nm, is predicted as shown in the lower spectra of Figure 
2 for the case of r = 0.0001. This amount is the maximum 
possible value since A,,, of PA1 is at  415 nm. For the r 

y = -x / ( l  - I^)  + x r / ( l  - r )  

z = 1 + ( r / ( l  - r ) ) ( x / r  - x) 
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Figure 1. Theoretical prediction of the composition of the im- 
idization species as a function of overall extent of reaction ( E )  
according to eq 4-6 for two different reactivity ratios [(a) for r 
= 0.5; (b) for r = 0.051. 

values between 0.001 and 0.3, the amount of the initial red 
shift predicted initially is smaller than the maximum. In 
fact, it is a strong function of r as illustrated in Figure 3, 
varying from zero to 24 nm. 

The trends predicted by this type of modeling are useful 
in understanding the actual experimental data, when 
dissociation can be assumed to occur to a small extent. 

Imidization Studies in NMP Solution. 1 %  Po- 
lyamic Acid in NMP Solution. The isothermal imidi- 
zation of polyamic acids in 1% (by weight) NMP solution 
was followed by UV-vis spectroscopy a t  three tempera- 
tures (150, 170, and 190 "C). Samples were taken out of 
the reaction flask a t  various times and diluted to a set 
concentration before spectra were taken. Figure 4 shows 
a series of UV-vis spectra as a function of reaction time 
at  150 "C. Figure 4 is distinguished by two stages. At the 
early reaction times (Figure 4a), the absorption peaks are 
first red-shifted to longer wavelengths, due to either the 
formation of amic acid/imide species (PA1 in Scheme 11) 
and/or the dissociation products (DAA or PAN in Scheme 
11). At 150 "C, it takes only about 40 min for the red shifts 
to be completed. After that, the spectra is hardly shifted 
until the cure time of about 180 min, but there is a decrease 
in absorbance. During this time interval, the diimide 
formation is a t  best very small as judged by the small 
absorbance at 343 nm. In the longer reaction times (Figure 
4b), the diimide (PI1 species in Scheme 11) is formed as 
indicated by the growing peak at  343 nm and the de- 
creasing peak at  413 nm. The 170 and 190 "C reaction 
exhibited spectral features very similar to the 150 "C re- 
action. The presence of the isosbestic point in the second 
stage of the reaction indicates that only two reaction in- 
termediates, PA1 and PI1 species, are present. 

The absence of the isosbestic point in the first stage of 
the experimental data (Figure 4a) seems to support that 
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Figure 2. Theoretically generated UV-vis spectra for different 
reactivity ratios as a function of overall extent of reaction [(top) 
for F = 0.5; (bottom two spectra) for r = 0.00011, 

the conversion of polyamic acid/imide (PAI) is not the only 
reaction in the first stage and that there are probably some 
dissociation products being formed by competing side 
reactions. Two possible side reactions are shown in 
Scheme 11: the hydrolysis of PAA to PAN (polyamic 
acid/amine) and the hydrolysis of PA1 to PMI (poly- 
amine/imide). Preliminary FTIR studies confirm that 
imidization indeed occurs in 1 % NMF' solution of polyamic 
acids, but not as fast as UV-vis studies indicate when no 
dissociation is assumed. However, the extent of imidiza- 
tion by IR measured at 721 cm-' is greater than the results 
by UV-vis studies when complete dissociation is assumed 
in the first stage. Together with the appearance of free 
amine absorption bands in IR spectra, the IR results, in 
comparison to UV-vis results, can be interpreted as sug- 
gesting some dissociation as well as the formation of the 
amic acid/imide species during the first stage. Unfortu- 

reectlvity ratlo, r 

Figure 3. Extent of the initial red shift predicted as a function 
of the reactivity ratio, r. 
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Figure 4. UV-vis spectra following imidization of polyamic acid 
based on 1% DAA and 6F-DA in NMP solution at 150 "C [(a) 
for early stages of reaction; (b) for later stages of reaction]. 

nately, it is difficult to quantify how much dissociation 
occurs. Therefore, we propose Scheme V as a represent- 
ative reaction pathway occurring in 1 % solution reaction. 
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Scheme V 
Proposed Reaction Pathways for Imidization of 1 % 

Polyamic Acid in NMP Solution 
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Figure 5. Experimental composition of imidization species as 
a function of reaction time at 150 "C for 1% polyamic acid in 
NMP solution. (The maximum deconvolution error is &8% .) 

Now we can attempt to obtain more quantitative data 
to characterize the rate constants involved in the reaction 
pathways shown in Scheme V. Quantitative analyses re- 
quire the deconvolution of the spectra to obtain the com- 
position of the species. In the second stage of imidization, 
we are justified in assuming only two species, PA1 and PII. 
The first stage and the intermediate period during which 
the spectra only show changes in intensity are more dif- 
ficult to treat in a quantitative way. Therefore, we analyze 
the first few data points in the first stage by assuming that 
only PAA and PA1 are involved and that dissociation oc- 
curs only to a small extent. 

Figure 5 illustrates an example of the composition of the 
three main reacted species at 150 "C by the deconvolution 
of the UV-vis spectra based on the above assumptions. 
The PA1 is formed quickly with subsequent decrease of 
PAA. Since there is some dissociation going on during the 
first stage, the concentration of PA1 represents the max- 
imum possible value. Between 40 minutes to 180 minutes, 
we speculate some conversion of PMI to PAI, as deduced 
from the decrease in spectral intensity. Therefore, it is 
difficult to estimate the concentration of PA1 in this time 
period, even though it is certain that there is no significant 
concentration of the diimide (PII) species present. After 
180 min of imidization, the spectra can be easily decon- 
voluted with only two cure species, PA1 and PII. As shown 
in Figure 5, PI1 is slowly formed following decrease of PAI. 
After 2820 min, the PI1 fraction is about 78% while the 
PA1 fraction is 22%. This corresponds to the overall im- 
idization extent of 89%. The maximum deconvolution 
error in the composition of the reacted species could be 
=k2% to *7% as shown in Figure 5. A t  170 and 190 "C, 
the general features of the reacted composition are exactly 
the same as in Figure 5 ,  except that the reactions are faster 
and reach higher conversion. 

In order to obtain more quantitative rate constants and 
r values from the experimental data, we use the following 
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Figure 6. First-order kinetic plot of In z or In y versus reaction 
time for imidization at 150 "C of 1% amic acid in NMP solution 
[ ( a )  for In x versus time plot; (b) for In y versus time plot]. 

Table I1 
Imidization Rate Constants, kt and k2, and the Activation 

Energies for Reaction of 1 % Polyamic Acid in NMP 
E, = 11 E, = 18 

2k, ,  kcal/mol; In 103k2, kcal/mol; In 
T,  "C min-' A = 11 min-' min-' A = 13 min-' 10% 
150 0.145 0.62 4.28 
170 0.171 1.40 8.19 
190 0.465 3.80 8.17 

solutions for the kinetic equations for the proposed reac- 
tion pathway (Scheme V). 

In x = -2k,t  + constant ( 7 )  
In y = -k,t + constant (8) 

where x and y are the fraction of PAA and PAI, respec- 
tively. Equation 7 is an approximate solution for the initial 
stage of the imidization reaction where the dissociation is 
considered to be small. Figure 6a and (b) illustrates the 
plots of In x or In y as a function of time at  150 "C  cure. 
It is noted in Figure 6a that k1 is based on only four data 
points while kz is based on many more data points. Similar 
analyses were carried out for the data a t  170 "C and 190 
"C. Parts a and b of Figure 7 show Arrhenius plots for kl 
and k2, respectively. Table I1 summarizes the values of 
kl, kz ,  and r as well as the activation energy for each step. 
As seen from the last column of Table 11, r is less than 0.01 
at  all three imidization temperatures, indicating a much 
faster rate of the first process. The activation energy for 
the first process is about 11 kcal/mol while the analogous 
energy for the second imide ring closure is about 18 
kcal/mol. The preexponential factors for the two processes 
are similar as shown in Table 11. The activation energy 
values observed in this study compare favorably with the 
value observed for the initial stage imidization of pyro- 
mellitic dianhydride with aniline in dilute solution (16) as 
well as that of imidization of a polyamic acid." A wide 
range of the preexponential factors had also been reported, 
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Figure 8. UV-vis spectra following imidization of polyamic acid 
film based on DAA and 6F-DA at 150 O C  in solid state. 

depending on the chemical structures and the state of the 
samples.16J7 

Imidization Studies in Solid State. The isothermal 
imidization of partially imidized, polyamic acid films was 
monitored by UV-visible spectroscopy at three tempera- 
tures (150,170, and 190 "C). I t  is known that the basicity 
of the solvent affects the imidization processesk?& and also 
that NMP forms complexes with polyamic acids.' Fur- 
thermore, the decomplexation kinetics is known to be quite 
temperature and time dependent. In order to avoid these 
potential complications, we chose acetone as a solvent and, 
prior to the imidization studies, we removed it completely. 

Figure 8 shows a series of UV-visible spectra as a 
function of reaction time at 150 "C where blue shifts are 
observed. Also, a t  other temperatures (170 and 190 "C), 
only blue shifts occur, but with much faster rates of change. 
In view of the modeling studies to predict spectral changes 
as described in the preceding section, blue shifts without 

1 Solld state reaction at 150°C I 
8 
Y - 

I - - -  

1 0  1 0 0  1000  10000 

reaction time (min) 
Figure 9. Experimental composition of imidization species as 
a function of reaction time at 150 "C in the solid state. (The 
maximum deconvolution error is f 10% .) 

the initial red shifts are predicted when r is greater than 
0.3 if we assume the same first-order kinetics. This cor- 
responds to a kl less than 1.6 times kz, whereas in dilute 
solution, k1 is observed to be much faster compared to kz. 
This trend was explained due to the electron-withdrawing 
effect of the imide group para to the amic acid in poly(amic 
acid-imide). As a result, the reactivity of the amic acid 
in polyamic acid is predicted to be larger than that of the 
amic acidfimide. This is believed only to be true in dilute 
solutions since the addition of carboxylic acids is known 
to catalyze the imidization.2c In fact, up to a certain 
concentration of acids, a linear relationship between the 
rate constants and the acid concentration has been ob- 
served. When the concentration of the solution begins to 
increase to the extent that the chains of polyamic acids 
overlap, then the amic acid groups in the neighboring chain 
can catalyze the imidization intermolecularly. In fact, our 
experiments seem to support this argument. When we 
studied imidization in a 7.5 wt % solution, we observed 
a red shift, followed by a blue shift. However, the mag- 
nitude of the red shift was only about 16 nm. According 
to Figure 3, such a magnitude is predicted when the r value 
is about six times greater than that in a dilute (1 wt %) 
solution, meaning that the values of kl and kz have become 
closer to each other. If the catalysis of the neighboring 
amic acids are effective in 7.5% solution, it is likely to 
change the values of kl and kz in such a way that the value 
of r is no longer the same as when there is only an elec- 
tronic effect. In solid films, the catalytic effect may com- 
pletely overshadow the electronic effect, at least before the 
film is vitrified, thus ieading to an r value greater than 0.3. 
This possibility would be consistent with the experimen- 
tally observed trends in the value of r.  

The deconvolution of the UV-visible spectra with three 
species (PAA, PAI, PII) was carried out to obtain the 
composition of each species as a function of reaction time. 
The maximum deconvolution error in the composition of 
the reacted species in the solid film could be *lo%. Figure 
9 illustrates the results obtained at 150 "C. In contrast 
to Figure 5, which corresponds to the reacted composition 
of solution imidization, we observe a much faster increase 
in the concentration of the diimide species ( 2 )  in Figure 
9, but it levels off at about 53% after 500 min of reaction. 
The concentration of amic acid/ imide decreases while the 
diimide is increasing, but it also levels off at 20% after only 
100 min. The concentration of diamic acids ( x )  a t  5-min 
reaction time is 60% but becomes about 20% after 500 min 
of reaction. In Figure la,  corresponding to the k, = k2 case, 
the experimental data show [AI] decreases much faster 
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Figure 10. Theoretical prediction of the composition of the 
imidization species as a function of overall extent of reaction ( t )  
according to eq 9-11 for r = 1. 

r = 1.0 I 

300 400 500 

WAVELENGTH (nm) 
Figure 11. Theoretically generated UV-vis spectra according 
to eq 9-11 for r = 1. 

than [AA]. However, with only first-order kinetics the 
theoretical plots, even with larger r values, do not quite 
simulate curves like the experimental plot. In addition, 
predicted spectra show much wider band widths in com- 
parison to  the actual spectra show shown Figure 8. Our 
first approach was to try to take into account the de- 
creasing catalytic effect as the reaction was occurring. 

In order to simulate the catalytic effect, we used the 
following set of kinetic equations: 

-dx/dt = -2k1x2 (9) 

(10) 

-dz/dt = - k ~  (11) 

-dy/dt = -2k1x2 + kD 

As a first approximation, we used second order for the 
first step, followed by a first-order reaction for the second 
step to account for the decrease in the concentration of 
the catalytic amic acid group. A reduced mobility due to 
the rising glass transition of the matrix film would also 
decrease the changes for the catalytic group to be in a 
favorable conformation in the second step. Among several 
r values tried, the predicted value seems to simulate the 
results reasonably well when r was approximately 1 (Figure 
10). The predicted spectra from these kinetic expressions 
and r values are shown in Figure 11. The band widths 
become narrower than in Figure 2a. However, it is still 
broader than actual experimental spectra, meaning that 
the above approach does not exactly simulate the kinetic 
features. 

For the 170 aIld 190 "C  solid-state reaction, we do not 
have enough data points to obtain reliable values of kl  and 

' IR 

Figure 12. Plot of the extent of reaction ([) by UV-vis analyses 
versus extent of reaction ([) by IR analysis for the solid-state 
reaction at 150 O C .  

k2 before the leveling off since the reaction is much faster. 
For the 150 "C solid-state reaction, we were not able to 
determine k 1  and k2 accurately because the error in the 
deconvolution was sufficiently large as to render deter- 
mination of the rate constants inaccurate. 

IR Studies and Comparison with UV-Vis Studies. 
In order to compare the extent of reaction measured by 
UV-vis studies with other techniques, we carried out IR 
studies with solid films at  150 "C. In IR studies, the 
absorption ratio of A721cm-~ due to an imide ring divided 
by an aromatic internal standard peak at  1015 cm-' has 
been used to represent a relative imide ring concentration. 
Then we needed to use this value to calculate the overall 
extent of reaction. In the past, other researchers assumed 
that imidization would be complete after a certain reaction 
condition (e.g., 300 "C  for 1 h) was achieved and calibrated 
the extent of reaction based on the absorbance ratio after 
the sample was subjected to that condition. We found this 
procedure to be unsatisfactory because the absorbance 
ratio would change upon additional reaction time even at 
high temperatures. Similar trends have been found by 
Young.lS Therefore, we used data from one of our UV-vis 
studies to calibrate the extent of reaction for IR data. For 
example, the UV-vis data after 1410 min at 150 "C is quite 
easy to deconvolute. Its extent of reaction, (ti)wyiS is 66%. 
We assume that value to be equal to under the same 
reaction condition and scale the IR absorbance ratios ac- 
cordingly. Figure 12 shows the plot of the extent of overall 
reaction, ([Jw- as measured by UV-vis studies according 
to eq 6 versus the extent of overall reaction (tilIR measured 
by IR studies. Within experimental errors, the data points 
in general indicate that the two values are similar, as shown 
by the closeness of the data points to the straight line 
which corresponds to the (&)uv-vis = (&)IR case. 

Summary 
The objective of this paper is to characterize the kinetic 

parameters and the mechanisms of the imidization process 
occurring both in solution and in the solid state. Before 
elaborating on the main tool used in this study, namely, 
UV-vis spectroscopy, we reviewed the chemistry of poly- 
imides and the results of imidization studies by other 
spectroscopic techniques in order to illustrate the problems 
associated with the imidization process and its charac- 
terization. In this review, we propose a reaction scheme 
(Scheme 11) for the polyimide synthesis showing various 
competing reactions and a two-step imidization process as 
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being representative of cases involving conjugated di- 
amines. We also show that previously used techniques 
such as IR and NMR failed to differentiate between several 
imidization species proposed in Scheme 11. 

In order to accomplish such a differentiation, UV-vis 
spectroscopy was chosen since various cure species show 
sensitive changes in the spectral shifts and extinction 
coefficients, due to the electronic effects of different sub- 
stituents. For the polyimide system to be used, a conju- 
gated diamine @,p '-diaminoazobenzene) and a nonconju- 
gated dianhydride were chosen to reduce the charge- 
transfer complex whose intense color could interefere with 
the UV-vis spectra. 

First modeling studies were carried out to predict how 
the kinetic parameters could influence the spectral 
changes, assuming two main imidization reactions and 
neglecting other competing reactions. This is necessary 
because the first imide ring closure results in a red shift 
while the second imide ring closure results in a blue shift. 
Therefore, the overall spectral changes are expected to be 
a function of the ratio of the two imidization rate con- 
stants. The main result of the modeling studies is that two 
trends are observed depending on the magnitude of the 
reactivity ratio (r) .  When r is greater than 0.3, only a blue 
shifts is predicted. When r is less than 0.3, a red shift is 
initially predicted followed by a blue shift. However, when 
r is less than 0.001, a maximum red shift of 24 nm is 
predicted prior to a blue shift. 

During the early stages of imidization in dilute solution, 
IR analysis suggests some dissociation of polyamic acid as 
well as imidization. In 1 % N-methylpyrrolidone solution, 
the dissociation and the first imide ring closure proceed 
faster than the second imide ring closure of polyamic 
acid/imide at all three temperatures studied (150,170, and 
190 "C). This trend is attributed to the reduced basicity 
of the amide group in polyamic acidlimide in comparison 
to the analogous group in polyamic acid. Activation en- 
ergies for the first process and the second ring closure were 
obtained to be 11 and 18 kcal/mol, respectively. Based 
on these findings, a mechanism of imidization for dilute 
solution has been proposed. This two-step imidization is 
also expected to occur in dilute solution with other con- 
jugated diamines. In fact, we observed similar behavior 
when 1,5-naphthylenediamine is used for 6F-DA.I9 In a 
7.5 wt % solution of NMP, the two rates are not as far 
apart as in a 1 % solution, because of the combination of 
the electronic and catalytic effects of the neighboring amic 
acid groups. In solid-state imidization, the apparent im- 
idization rate was initially faster than in dilute solution 
due to the catalytic effect but levels off probably due to 
vitrification. Modeling studies to predict spectral changes 
as a function of the ratio of the two imidization rate con- 
stants are consistent with the observed results in dilute 
solution. The results are adequately modeled by assuming 
a first-order, two-step imidization reaction. On the other 
hand, solid film results seem to be reasonably simulated 
by assuming a second-order reaction for the first step, 
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followed by a first-order reaction for the second step in 
order to account for the decrease in the concentration of 
the conformationally favorable catalytic amic acid group. 
Finally, there is a good correlation between UV-vis results 
and IR results in regards to the overall extent of reaction 
in solid film. 
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