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The analysis of absorption and fluorescence spectra of poly(ether imide) solutions and related model 
compounds shows the existence of charge-transfer complexes in poly(ether imide) solutions and in poly(ether 
imide) solid state. A correlation is established between the fluorescence emission due to charge-transfer 
complexes and the aggregation state of poly(ether imide) solutions. The kinetics of aggregation of a solution 
and the aggregate dissociation phenomenon in dilute solution are observed from the study of fluorescence 
emission of poly(ether imide) solutions. 
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I N T R O D U C T I O N  

Aromatic polyimides in the solid state exhibit a micro- 
scopic aggregation structure. The degree of molecular 
aggregation and of chain stacking is strongly influenced 
by the thermal history and the molecular orientation of 
polymer chains as well as by the ionization potential and 
electron affinity of the chain structural units l'z. Numerous 
studies conducted on solid polyimides have been con- 
cerned with these effects 3'4. However, on a more 
fundamental level, the nature of the strong intermolecular 
interactions leading to association effects is still specu- 
lative. The hypothesis currently put forward is that 
polymer chains interact via charge-transfer complex 
(CTC) formation 5-9. This hypothesis is supported mainly 
by results obtained from u.v. absorption and fluorescence 
experiments conducted on solid systems. 

Structural properties of polyimide solutions have not 
been studied so extensively, probably because most 
polyimides are characterized by a low solubility. However, 
soluble polyimides have recently been synthesized, and 
therefore the question arises whether the solvent can 
disrupt chain interaction and inhibit chain association in 
solution. It has been shown in previous work that the 
behaviour of a soluble poly(ether imide) (PEI) strongly 
suggests the existence of chain association in solution 1°. 
First, it was observed that solutions made with chlorinated 
solvents became progressively turbid upon ageing, thus 
revealing a progressive aggregation process. Secondly, 
the viscosity behaviour of dilute and semidilute solutions 
suggested that intrachain association occurred at low 
concentration while chain aggregation occurred in the 
semidilute regime. 

This work proposes a u.v. absorption and fluorescence 
study of charge-transfer (CT) interactions in PEI 
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solutions. The main objectives are as follows: 

(i) To determine whether the absorption and lumin- 
escence behaviour of PEI is consistent with CT formation 
and whether a relation can be found between the 
fluorescence emission and the physical state of PEI 
solutions. For  this purpose, u.v. spectroscopy experi- 
ments are conducted on PEI solutions and on related 
monomeric compounds, using two different solvents. 
These latter compounds serve as models to afford insight 
into CTC interactions in PEI. 

(ii) To study the aggregation phenomenon occurring 
in dichloromethane-PEI solutions. Kinetics of formation 
of aggregates and conditions for aggregate dissociation 
are investigated from the observation of fluorescence 
emission; the latter point is briefly discussed. 

EXPERIMENTAL SECTION 

Samples 
The polymer Ultem 1000 was obtained from General 

Electric. Its molecular weight is Mn=10000,  with a 
polydispersity index of 1.6. It was dried at 150°C for 4 h 
prior to use. The two model compounds were commer- 
cially available phthalimide and N-phenylphthalimide 
(Figure 1). 

PEI solutions, prepared at room temperature, were 
gently stirred until homogenization was completed. PEI 
solutions were prepared in the 0.1-30wt% range of 
concentration (see Table 1). The two solvents used 
were N-methylpyrrolidone (NMP) and dichloromethane 
(DCM). 

Dichloromethane-phthalimide solution at concentra- 
tion equal to 1.4wt% (6.8 x 10 -3 M) was homogeneous, 
and dichloromethane-N-phenylphthalimide solutions 
were homogeneous for concentrations up to 2.5wt% 



Table 1 Solutions used in this study 
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NMP-phthalimide 

NM P-N-phenylphthalimide 

DCM-N-phenylphthalimide 

DCM-PEI 

1 wt% 
6.8 x 10-3M 

1.4 wt % 
8x10-3M 

0.083 wt% 0.93 wt% 2.46 wt% 9 wt% 
3.2x 10-4M 3.6x 10-3M 9.5 x 10-3M 3.6x 10-2M 

solid phase 

0.1 wt% 1 wt% 5wt% 11 wt% 

15wt% 
1.1 x 10-1M 

15wt% 
9.3 x 10 - 2  M 
solid phase 

15wt% 
6.3x 10-2M 
solid phase 

15 wt% 20 wt% 24.8 wt% 30 wt% 

. : - E T  v 
Y-'¢ "I"<o 

c2 (F>-C-) 
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\ 
Figure 1 Phthalimide (top), N-phenylphthalimide (centre) and PEI 
monomeric unit (bottom) 

(9.5 x 10-3M). Systems prepared at higher concentra- 
tions exhibited two phases: a solid phase at the bottom 
of the tube and a dilute liquid phase. In the following, 
experimental results concerning solid phthalimide and 
solid N-phenylphthalimide will refer to the solid phase 
of concentrated phthalimide and N-phenylphthalimide 
solutions. 

Solutions were studied shortly after homogenization 
was completed. Then, PEI solutions were kept at room 
temperature for several weeks in order to study the ageing 
process of PEI solutions. 

Film preparation 
The 16wt% dichloromethane-PEI solutions were 

prepared and cast on a glass plate at room temperature; 
they were then dried at 45°C. Resulting films were about 
50-60 nm thick. 

Spectra 
Absorption spectra were recorded on a Cary spectro- 

photometer. Solutions were deposited in a quartz cell 
(Hellma; diameter 1 mm). Fluorescence emission and 
excitation spectra were recorded on an ISA Jobin-Yvon 
Spectrofluo spectrophotometer. Solutions and films were 
excited in a front-face arrangement to minimize self- 
absorption. 

CHARGE-TRANSFER INTERACTIONS IN 
POLY(ETHER IMIDE) AND M O D E L  
C O M P O U N D S  

The PEI studied in this work contains alternate structural 
elements of different electronic nature: electron-acceptor 
diimide fragments and electron-donor aromatic units. 

Donor  and acceptor elements can therefore experience 
mutual CT interactions, which may lead to the formation 
of either intrachain or interchain CTC. Intrachain CTC 
are formed between two adjacent electron-donor and 
electron-acceptor elements along the same molecule or 
between distant elements belonging to the same polymer 
chain. Interchain CTC are formed between donor and 
acceptor elements located on neighbouring molecules or 
macromolecules. The formation of a stable ground-state 
CTC gives rise to charge-transfer absorption bands in 
the absorption spectrum of the system. Excitation into 
these bands produces excited complexes, which may 
dissipate their energy either by a radiationless process or 
by a specific fluorescence emission. 

The existence of a CT absorption band in polyimides 
was evidenced by u.v. absorption and fluorescence 
experiments 3'4'6'v. They showed that CT transitions in 
polyimides were characterized by a broad long-wavelength 
absorption at 2 > 330 nm. This band is generally assigned 
to a 7r-Tr* transition characterized by a shift of electron 
density from the aromatic substituent to the imide unit. 
An n-n* transition might also be involved, which 
red-shifts upon the conjugation that attends aromatic 
substitution at the nitrogen atom. Such assignments are 
supported by quantum-chemistry calculations performed 
on common polyimides like, for instance, the extensively 
studied pyromellitic dianhydride-oxydianiline (PMDA- 
ODA) 1. The identification of CT interactions in the PEI 
studied here is based on the analogy of the optical 
behaviour of several polyimides reported in the literature 
and on the study of the spectra obtained on related model 
compounds. 

Absorption spectra: ground-state complexation 
Attention was focused on the long-wavelength tail of 

the absorption spectra, which is the region of interest in 
investigating CT transitions. 

Spectra obtained on the three compounds, phthalimide, 
N-phenylphthalimide and PEI, are shown in Figures 2 
and 3. The spectrum of dilute NMP-phthal imide solution 
(6.8 × 10 -3 M) is similar to those reported in the litera- 
turelZ'13; the maximum of absorption at 293nm is 
assigned to a rc-zc* transition and no tail is observed at 
wavelengths longer than 320 nm. In concentrated N M P -  
phthalimide solution (1.1 × 10-1 M), however, an absorp- 
tion tail extends to about 360 nm, which may indicate a 
very small ground-state association phenomenon via 
intermolecular CTC formation. 

The absorption spectra of dichloromethane-N-phenyl- 
phthalimide solutions are similar to those recently 
reported in the literature 13,14. A long-wavelength absorp- 
tion tail extending to about 500nm is observed whose 
absorbance is proportional to the concentration of the 
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Figure 2 Absorp t ion  spectra  of N M P - p h t h a l i m i d e  solut ions:  (a) 
c = 6 . 8  x 10-3  M, (b) c = l . 1  x 10 - 1 M  
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Figure 3 Absorp t ion  spect ra  of d i c h l o r o m e t h a n e - N - p h e n y l p h t h a l -  
imide  solut ions:  (a) c = 3.6 x 10-  ~ M, (b) c = 9.5 x 10-  2 M; and  d ichloro-  
m e t h a n e - P E I  solutions:  (c) c = 5 wt  %, (d) c = 15 w t %  

solutions• This strongly suggests the existence of intra- 
molecular charge-transfer states induced by an increase 
in conjugation and hence electronic delocalization 
afforded by the phthalimide moiety with aromatic 
substitution• 

Absorption spectra of dichloromethane-PEI solutions 
and of PEI films are characterized by a long-wavelength 
absorption tail extending to 600 nm, which suggests the 
existence of transitions with a substantial CT character. 
By analogy with results obtained on N-phenylphthalimide, 
these CT transitions can be partly attributed to the 
intramolecular CTC of the N-phenylphthalimide moiety 
present on the polymer chain backbone. However, the 
red shift of the absorption tail observed in PEI solutions 
suggests that other CTC may exist in PEI systems, like, 
for instance, intermolecular CTC, which may be formed 
concurrently with intramolecular CTC. 

Excitation and fluorescence spectra: characterization of 
intermolecular interaction 

A weak fluorescence emission has been detected 
in all N-phenylphthalimide and PEI samples. Dilute 
NMP-phthalimide solution does not exhibit fluorescence 
emission, in agreement with results reported in the 
literature 12,15 However, solid phthalimide, concentrated 
NMP-phthalimide solutions and dilute dichloromethane- 
phthalimide solutions were fluorescent• 

Excitation spectra. The excitation spectra characterize 
the transitions that promote a chromophore from the 
ground state to an excited singlet state and which are 
followed by fluorescence emission when the chromophore 
relaxes back down. 

Fluorescence excitation spectra were measured by 
monitoring the emission intensity at two wavelengths, 
530 and 590nm. The shortest wavelength, 2=530nm, 
corresponds to an emission band observed in model com- 
pounds and PEI solutions. The wavelength 2=590nm 
was chosen to identify the broad, long-wavelength 
excitation band responsible for emission of concentrated 
PEI solutions and of solid samples. The excitation 
wavelength was scanned from 330 to 570 nm. The excita- 
tion spectra of model compounds and PEI solutions are 
shown in Figures 4, 5 and 6. These spectra exhibit two 
characteristic features• The first one is that the excitation 
wavelength domain corresponds to the far red CT band 
of the absorption spectra• The second feature is that two 
excitation bands are detected: 

(i) The first band observed in the wavelength range 
350-430 nm is detected in all fluorescent solutions. It is 
centred at 345nm in dichloromethane- and NMP- 
phthalimide solutions• It is progressively red-shifted from 
350 nm to 395 nm in dichloromethane-N-phenylphthal- 
imide solutions upon increase of the concentration• It is 
also red-shifted in PEI solutions from 410 nm in dilute 
solutions to 430nm in concentrated solutions• The 
excitation bands of the three systems are broad and 
structureless. The spectra of N-phenylphthalimide solu- 
tions have the same shape whatever the wavelength used 
to monitor the emission intensity. However, specific band 
shapes are observed for each system. The wavelengths 
corresponding to emission maxima vary from 2 = 500 nm 
in PEI solutions to 2= 530nm in N-phenylphthalimide 
solutions and to 2 = 525 nm in phthalimide solutions. 

(ii) The second band is observed in the wavelength 
domain 470-580nm. It is detected in all samples that 
present a solid phase and in dichloromethane- and 
NMP-PEI solutions. In this latter case, the intensity of 
the band increases with polymer concentration. This 
long-wavelength excitation band is structured: it is 
composed of a peak at approximately 470 nm and a peak, 
observed in PEI solutions, at 515 nm. The position of the 
peaks is constant with respect to PEI concentration over 
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Figure 4 Excitation spectra of dichloromethane-phthalimide solutions: 
(a) c = 8 x l 0  -a  M, 2oh ~ = 530nm;  and  d i ch lo rome thane -N-pheny l -  
ph tha l imide  solutions:  (b) c = 3 . 2 x 1 0 - 4 M ,  (c) c = 9 . 5 ×  1 0 - a M ,  (d) 
c = 8.6 x 10-  2 M, 2oh s = 520 n m  
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Figure 5 Excitation spectra of dichloromethane-N-phenylphthalimide 
solutions (c=9.5 x 10 -3 M) and a two months  aged dichloromethane-  
PEI solution ( c = l l w t % )  observed at various wavelengths: (A) N- 
phenylphthalimide solution at (a) 2ob, = 520nm, (b) 2oh, = 550nm, 
(c) 2ob~ = 590 nm; (B) PEI solution at (a) 2ob~ = 530 rim, (b) 2oh, = 550 nm, 
(c) ;~ob~ = 590 nm 
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Figure 6 Excitation spectra of d ichloromethane-PEl  solutions ob- 
served at 590nm: (a) c = 5 w t % ,  (b) c = l l w t % ,  (c) c = 1 5 w t % ,  (d) 
c = 2 0 w t %  

the concentration range investigated. The band shape 
does not depend on the age of the studied PEI solution. 
In addition, the excitation bands observed on the three 
compounds containing a solid phase are similar, as clearly 
seen in Figure 7. The corresponding emission maximum, 
measured for a 20wt% dichloromethane-PEI solution, 
was found to be at 585 nm. 

Emission spectra. Emission spectra obtained with a 
short-wavelength excitation (350-430nm) are shown in 
Figure 8 for model compounds and PEI solutions. A 

broad structureless emission is observed that is blue- 
shifted from 525nm for dichloromethane-phthalimide 
solution to 510nm for phenylphthalimide solutions and 
to 500 nm for PEI solutions. The spectra observed for two 
concentrations of N-phenylphthalimide solutions have 
the same shape, but the emissions of the three compounds 
studied differ in peak position and half-bandwidth. 
Similar emission spectra were recently reported in the 
literature 14. 

The emission spectra obtained from excitation wave- 
lengths varying in the long-wavelength band from 460 
to 550nm were measured for a freshly made 20wt% 
dichloromethane-PEI solution. As expected from the 
excitation spectrum, a broad intense structureless band 
is observed. The intensity of the emission is maximal for 
an excitation wavelength equal to 475 nm. The emission 
band is centred at 2=550nm. Another strong emission 
band centred at 2 = 585 nm is observed after excitation 
at 520 nm. This suggests that two different chromophores 
are responsible for the observed emission. 

Finally, emission spectra were recorded after excitation 
at 350nm (Figures 9 and 10). The spectrum of the PEI 
film is very broad and structureless with an emission 
maximum at 470 nm, in agreement with results obtained 
by Hasegawa et al. 4"16. A similar spectrum of weaker 
intensity is observed in solid N-phenylphthalimide. In 
PEI solutions the emission spectra are broad and the 
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Figure 7 Excitation spectra of systems that present a solid phase: 
(a) pbthalimide, (b) N-phenylphthalimide, (c) PEI film; 2oh, = 590 nm 
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Figure 8 Emission spectra of: (a) dichloromethane-phthal imide 
solution, c = 8 x 10- 3 M, 2ex ¢ = 350 nm; (b) dichloromethane-N-phenyl-  
phthal imide solution, c = 9 . 5 x  1 0 - 3 M ,  ).exc=380nm; (c) dichloro- 
me thane -PEI  solution, c = 0.1 wt%, 2~x c = 409.5 nm 
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Figure 9 Emission spectra of dichloromethane-PEI solution, 2ex~ 
=350nm: (a) c=0.1wt%, (b) c=30wt% and (c) two months old 
solution, c = 30 wt% 
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Figure 10 Emission spectra excited at 350nm: (a) solid N-phenyl- 
phthalimide, (b) PEI film 

intensity is very weak. The fluorescence spectra change 
upon ageing of the solutions: the overall intensity 
increases sharply with the age of the solutions, and in 
old turbid solutions, a shoulder at 470 nm and a peak at 
550 nm are clearly observed. 

Discussion. The short-wavelength excitation band 
(350-430nm) is observed in all solutions of the three 
compounds studied. The excitation spectra provide broad 
and structureless emission spectra peaked in the range 
500-530 nm due to the existence of charge-transfer states. 
The sensitivity of the excitation band to the environment 
of the molecules (concentration of the solutions) observed 
in this study as well as the sensitivity of the N- 
phenylphthalimide emission spectra with the polarity of 
solvent reported in ref. 14 strongly suggest the formation 
ofphotoexcited CT states of solvated molecules. The large 
Stokes shift observed in model compounds suggests that 
the geometry of the emitting CTC is different from that 
obtained just after excitation. The difference observed in 
the emission spectra of the three compounds indicates 
that the steric structures of the excited CTC of the various 
compounds in solution are different. 

More interesting is the second excitation band, which 
appears in the longer-wavelength domain (2 >470 nm). 

Three features must be noted. First, absorption in the 
long-wavelength domain suggests direct excitation of a 
ground-state CTC, since the energy of the lowest excited 
singlet state of a CTC generally lies below the excited 
singlet state of either donor or acceptor molecules. 
Secondly, this band is observed in the spectra of the three 
compounds studied in the solid state but not in model 
compounds in solution. Thirdly, the existence of this band 
in phthalimide spectra suggests that the CTC are of 
intermolecular nature. Therefore, these features strongly 
suggest the existence in the solid state of stable CTC 
among different molecules, thus giving rise to an 
aggregation microstructure. The existence of CTC in solid 
phthalimide was also recently evoked by St Clair 9, who 
proposed that the CTC resulted from the stacking of the 
electron-rich six-membered rings above the electron- 
deficient five-membered rings of the phthalimide moiety. 
This long-wavelength excitation band is also observed in 
PEI solutions, which suggests the existence of a chain 
association phenomenon in polymeric solutions. 

Finally, the strong long-wavelength fluorescence emis- 
sion recorded after excitation at 350nm is observed in 
solid PEI, solid N-phenylphthalimide and turbid aggre- 
gated PEI solutions but not in solid phthalimide. This 
result indicates that the complex mechanisms that lead 
to this emission require the existence of N-phenyl- 
phthalimide elements. It also shows that these mechanisms 
occur specifically in solid or strongly aggregated systems 
since the emission observed in fresh limpid PEI solutions 
is very weak. Therefore, this fluorescence emission allows 
the characterization of a strongly aggregated state of PEI. 

An emission spectrum similar to that observed in this 
study was recently observed in PEI films by Hasegawa 
et al.16. The emission maximum at 470 nm was interpreted 
as being due to CT interactions of intermolecular nature. 
Their interpretation relied on a series of spectra measured 
on several commercial polyimides where a red shift of 
the emission was observed with the increase of electron- 
donating ability of the imide moiety and electron- 
accepting ability of the amine moiety. The mechanisms 
that lead to the observed fluorescence emission and the 
problem of peak assignments will not be discussed in this 
work. It will just be concluded from these results that 
the mechanisms that lead to fluorescence emission at 
470-550 nm after excitation at 350 nm reveal the existence 
of CTC, which involve both diimide electron-acceptor 
moiety and diamine electron-donor moiety and are 
characteristic of a solid aggregated state. 

Conclusion 
The existence of several CT interactions in PEI and 

model compounds clearly appears from this study. Apart 
from the formation of photoexcited CT states in solution, 
the results obtained suggest the existence of an inter- 
molecular ground-state CTC in solid phthalimide and 
solid N-phenylphthalimide and in both PEI solutions 
and solid PEI. Such CTC can thus be related to an 
association state of polymer chains in PEI solutions. 
Lastly, it clearly appears that the study of the fluorescence 
emission at 470 and 550 nm after excitation at 350 nm is 
a pertinent method to identify the aggregated state 
characteristic of old turbid PEI solutions. It is proposed 
in the following section to use this latter method to 
observe the time evolution of the physical state of PEI 
solutions. 
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T I M E  E V O L U T I O N  OF P O L Y ( E T H E R  IMIDE)  
C O N C E N T R A T E D  S O L U T I O N S  

Fresh limpid dichloromethane-PEI  solutions kept in 
sealed tubes at room temperature become progressively 
turbid. This slow evolution is observed over several 
weeks. The question arises whether the observed turbidity 
is due to an irreversible chemical degradation or to a 
reversible physical effect. This point is addressed in this 
section: it is proposed to observe the kinetics of aggre- 
gation and to investigate the conditions for aggregate 
dissociation. 

Kinetics of aggregation 
The kinetics of aggregation of PEI  solutions was 

observed from the observation of the intensity of the 
emission of fluorescence at 470 and 550nm after 
excitation at 350 nm. 

The fluorescence emission of a 30wt% dichloro- 
methane-PEI  solution was recorded just after solution 
homogenization. The sample was then kept at room 
temperature for nine weeks. The fluorescence emission 
was recorded every week. The time evolution of the 
fluorescence spectrum is reported in Figure 11. It is 
observed that the intensity of the fluorescence emission 
increases sharply with time. Concurrently, the samples 
become progressively turbid. Roughly spherical particles 
can be clearly seen using an optical microscope. The size 
and the number of particles progressively increase upon 
ageing. 

Aggregate dissociation 
In order to investigate further the nature of the 

observed aggregation, a two months old turbid dichloro- 
methane-PEI  solution prepared at c = 2 4 . 8 w t %  was 
dried and then rediluted in dichloromethane at the 
following concentrations: 5, 10, 15 and 20wt%. Fluor- 
escence spectra of these rediluted solutions were measured 
a few hours after the redilution and were compared to 
those of fresh solutions made directly at each corres- 
ponding concentration. These latter solutions are called 
reference solutions. Results are shown in Figure 12. When 
the concentration is greater than 5 wt%, emission spectra 
of the aged redilute solutions are very different from those 
of the corresponding reference solutions. On the one 
hand, emission spectra of old redilute solutions are 
more intense than those of reference solutions; and on 
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Figure 12 Emission spectra excited at 350nm of a two months 
old 24.8wt% dichloromethane-PEI solution at various redilution 
concentrations and of corresponding reference solutions (see text): 
(A) (a) reference solution c= 11 wt%, (b) reference solution c= 5 wt%, 
(c) rediluted solution c=10wt%, (d) rediluted solution c=5wt%; 
(B) (a) reference solution c = 15 wt%, (b) rediluted solution c = 15 wt%; 
(C) (a) reference solution c = 20 wt%, (b) rediluted solution c = 20 wt% 

the other hand, two strong peaks at 470 and 550 nm are 
observed that do not exist in the spectra of reference 
solutions. The old redilute solutions are turbid whereas 
reference solutions are limpid. In contrast, when the 
concentration of the solutions is equal to 5wt%,  the 
emission spectrum no longer exhibits peaks at 470 and 
550nm and identical emission spectra are obtained for 
the reference solution and for the old redilute solution. 
Concurrently, this latter solution becomes limpid. 

Qualitative discussion 
There is no detectable irreversible evolution of the PEI  

concentrated solutions after two months. This fact 
strongly suggests that no chemical degradation occurs in 
the system during the ageing process and that aggrega- 
tion is due to a reversible physical thermodynamic 
phenomenon: dilution can displace the thermodynamic 
equilibrium from an aggregated state to a homogeneous 
soluble state. The fluorescence behaviour suggests that 
aggregation is induced by formation of CTC among the 
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polymer chains. The formation of CTC is energetically 
favoured in the system since it lowers the overall energy. 
However, forcing the macromolecules to be linked 
together via a CTC reduces the configurational entropy 
considerably. The time evolution observed on the 
solutions being slow, it is proposed to describe the 
physical state of these systems by equilibrium equations. 
The Flory-Huggins expression for the free enthalpy per 
site of a homogeneous solution can be used: 

AG/kT=(1-c~)log(1-e~)+~b/Nlogq~+ Zc~(1-dp) (1) 

and the free enthalpy per site of a solid aggregate can be 
written as: 

AGct¢ = hH¢t¢- TASct¢ (2) 

where the reference state is the pure melt when no CTC 
exists among the chains; N is the average number of 
flexible links of a polymer chain and ~b is the polymer 
volume fraction of the solution. The CTC energy and the 
interfacial energy of the aggregate are accounted for in 
the term AHct¢, and the reduction of entropy due to 
enhanced local rigidity and link formation between 
macromolecules are accounted for in the term ASct c. 
When the two phases are in equilibrium, the chemical 
potential of chain units in solution: 

/~_ #o = -- kT[(1 - ~bd)-- Z(1 --q~a) 2] (3) 

is equal to the chemical potential of chain units in 
aggregates: 

/.tot c --/.t ° = AHct c - TASct c (4) 

where the chemical potential per unit of the solution has 
been derived for polymer of high molecular weight (large 
value for N); ~bd is the concentration of the homogeneous 
part of the solution in turbid solutions (Figure 13), which 
can be calculated from the equality of equations (3) and 
(4). It can be estimated experimentally: at this concen- 
tration the fluorescence spectrum of the turbid solution 
that has been dried and rediluted is equal to the spectrum 
of a limpid solution directly prepared at the redilution 
concentration. 

The aggregation process is found to be very slow. This 
can be understood by considering that a strong free- 
enthalpy barrier to formation of a CTC between two free 
chains exists, since crosslink formation considerably 

Sd o.= 0.4 $ 0.6 o.s 

- 0 . 5  

- 0 . 2  

- 0 . 3  

~GcT c 

Figure 13 Free enthalpy of a homogeneous solution as a function of 
the concentration. Value of ~b d (see text) 

reduces the configurational entropy. The formation of 
CTC likely exhibiting a cooperative aspect, the formation 
of additive CTC on chains already linked together is 
expected to induce a smaller loss of configurational 
entropy and therefore to be faster. When a stable small 
aggregate is eventually formed, it grows from the 
progressive sticking of free chains onto the surface of the 
aggregate. 

CONCLUSION 

The study of absorption and fluorescence spectra of PEI 
clearly showed the existence of CT interactions in 
solution and in the solid state. The state of aggregation 
of polymer chains in solution was found to be perceived 
from fluorescence spectroscopy. More precisely, the 
observation of the emission peaks at 470 and 550 nm 
after excitation at 350 nm gave evidence for the existence 
of a reversible chain association effect related to the 
formation of CTC in the polymeric solution. In particular, 
the observation of fluorescence was found to be an 
appropriate method to study the kinetics of aggregation 
of solutions and the thermodynamic conditions for 
aggregate dissociation. 

The results show that the microstructure of PEI 
solutions strongly depends on the age of the solutions. 
The PEI films obtained from such solutions are expected 
to exhibit diverse physical properties and microstructures 
reminiscent of the various aggregation structures of the 
solutions. It is therefore crucial to characterize the state 
of aggregation of polyimide solutions. This study shows 
that the observation of fluorescence emission can provide 
a control of this aggregation phenomenon. 
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