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 The goal of this research was to observe the changes in thickness and chemical 

characteristics that occur in Kapton® , a type of polyimide film, when exposed to heated 

solvents commonly used in cleaning and processing of these materials.  Interference 

fringes present in transmission infrared spectra were used to calculate the thickness 

changes of the film, and attenuated total reflection infrared spectroscopy (ATR) was used 

to observe spectral shifts of the polymer film.   

 Pieces of Kapton®  film were immersed in heated solvents of n-methyl 

pyrrolidinone (NMP) and dimethylsulfoxide (DMSO) resulting in a rapid initial increase 

of film thickness by about 2.5 um during the first 20 minutes.  After the initial increase 

and throughout the remainder of the 2 hour exposure, the film thickness varied little in the 

NMP solvent at all temperatures, 67, 95, and 125 
o
C.  However, in DMSO, the behavior 
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was more varied and this behavior was only observed in the 95 
o
C bath.  The change in 

film thickness throughout the course of the experiment was about 1 μm less in the 125 
o
C 

as compared to the 95 
o
C, perhaps due to dissolution of the film by the solvent. 

 When the film is exposed to heated solvents, a significant shift in the vibrational 

frequency of the asymmetric carbonyl stretch absorption to higher wavenumbers, as 

compared to the unexposed film, is observed.  This indicates that there is some interaction 

between the Kapton®  film and the solvent such that the strength of the carbonyl bond is 

lessened.  Interactions could disrupt the intra- and intermolecular electron sharing and 

hinder the formation of the charged resonance form.



 

 

Chapter 1 

 

 

Introduction and Background 
 

1.1  Purpose of Research 

The aim of this research is to study the effects of solvents used in cleaning and 

processing polyimide films at various temperatures. The experimental approach is to 

determine changes in the thickness of polyimide films exposed to solvents as a measure 

of the mechanics of film behavior, i.e., swelling and degradation.  Infrared spectroscopic 

analysis will allow us to both measure film thickness and understand molecular changes 

that take place.  

1.2  Polyimide Films 

 Polyimides are a class of polymers that are characterized by a nitrogen bound to 

an R-group and two carbonyl carbons.  There are two classes of polyimides, linear and 

aromatic heterocyclic, which are shown in Figure 1.1. 

 

 
 Figure 1.1.  General structure of polyimides.  The aromatic heterocyclic polyimide is 

more commonly used in industrial applications. [Reproduced from reference 5.] 
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 An aromatic heterocyclic polyimide can be synthesized by reacting 4,4’-

oxybisbenzenamine (ODA) with pyromellitic dianhydride  (PMDA) to form polyamic 

acid isomers. [1] The polyamic acid is then heated to a temperature between 200 ⁰C and 

400 ⁰C to induce cycloimidization, shown in Figure 1.2, via a dehydration reaction. [2] 

Complete imidization occurs at temperatures greater than 300 
o
C.  

 Polyimides have several industrial applications.  They are often used in the 

semiconductor industry as insulators because of their low dielectric constant (Κ-value), 

their resistance to temperature extremes, and their ability to be etched with plasma or 

patterned with ultraviolet light and developed with alkaline solutions. A dielectric 

constant is the measure of a material’s resistance to the flow of electrons.   Depending on 

the curing conditions and composition, their dielectric constant is between 2.7 and 3.7.  

This is comparable to many common insulators such as Bakelite with a Κ-value of 4.9, 

PVC with a Κ-value of 3.4, and Teflon with a Κ-value of 2.1. [3,4]  They are functional 

between -269 ⁰C and 400 ⁰C, which allow them to withstand a variety of environments 

including corona discharges. [4]  This stability is a result of the charge transfer complex 

that occurs both between adjacent monomers, as shown in Figure 1.3, and between 

polymer chains due to stacking, as shown in Figure 1.4. [5] 

 The physical properties of polyimide films can be controlled by curing conditions 

of the polyamic acid and the composition of the R-group shown in Figure 1.1. These 

conditions include film thickness, solvent type and temperature, curing temperature, and 

whether the polyimide was cured on a substrate.   
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Figure 1.2.  The reaction of PMDA with ODA to produce a polyimide polymer. 

[Reproduced from reference 1.] 

  

 

Figure 1.3. The electron rich nitrogen donates electron density to the complex shown in 

blue. [Reproduced from reference 5] 
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Figure 1.4. The electron rich nitrogen atoms donate electron density to the carbonyl 

oxygen atoms of different polymer chains. This orientation provides a very stable bulk 

product. [Reproduced from reference 5.] 

  

 The ability of polyimides to be patterned by ultraviolet light or etched with a base 

or plasma allows for circuits to be printed on flexible polyimide films.  These flexible 

printed circuits are often used in conditions where movement and bending would 

normally prohibit the use of a rigid silicon circuit.  In many patterning or etching 

processes, a chemical layer, called a photoresist, is applied the surface of the polyimide 

film.  After applying the photoresist, a mask is then used to allow only the desired 

portions of the photoresist to be exposed to radiation which produces a pattern on the 

photoresist.  The film is then developed in a solution that removes the desired portion of 

the photoresist.  After the photoresist is developed, portions of the polyimide that are not 

covered by the photoresist can then be etched with plasma. After the etching, the 

remaining photoresist is chemically removed, often with a heated solvent composed of 

dimethyl sulfoxide (DMSO) or 1-methyl-2-pyrrolidinone (NMP), and a base.  A diagram 

of both positive and negative photoresists is shown in Figure 1.5. [6] 
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Figure 1.5.  In a positive photoresist, the portion of the photoresist exposed to the light 

becomes more soluble in the developing solution.  In the negative photoresist, the portion 

exposed to the light becomes less soluble in the developing solution. [Reproduced from 

reference 6.] 

  

 Dynaloy, an Indianapolis company that specializes in solvent formulation for the 

removal of photoresists, noticed that under some conditions, damage can occur to the 

polyimide during removal of a photoresist.  In solder bump plating processes, a patterned 

photosensitive polyimide is used as a stress buffer and dielectric on a circuit.  A copper 

seed layer is deposited on the polyimide and a thick photoresist layer is applied over the 

copper seed layer.  Solder connections are then electroplated onto the circuit and the 

photoresist is removed with a stripping solvent. Pin-hole defects in the copper seed layer 

cause the photoresist stripping solvent to interact with and damage the polyimide.  This 

damage can lead to device failure.  A comparison between damaged and undamaged 

polyimide film is shown in Figure 1.6. [1] 
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Figure 1.6. Scanning Electron Microscopic images of polyimide films. The images on the 

left show undamaged polyimide film. The images on the right show the pin-hole defects 

that can be caused by processing in a common stripping solvent. [Images reproduced 

from reference 1.] 

  

 When a polyimide film is exposed to developing or cleaning solutions, it will 

absorb the solvent and swell. Gatiglia and Russel at the IBM labs have performed studies 

on the swelling behavior of polyimides in DMSO. [2]  They produced a polyimide film 

by applying a thin film of polyamic acid to a piece of glass and curing at different 

temperatures under a flow of nitrogen gas.  They stated that a polyimide must be cured on 

a substrate, such as glass, to induce proper molecular orientation to allow for absorption 

of a solution.  Removal of the film from the substrate prior to curing allows the polymer 
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to relax and form an isotropic film.  After curing, the film was removed from the glass for 

experimentation.  The absorption of a solution into the polymer matrix was shown to be 

Case II diffusion, a process where the solution is absorbed at an equal rate from both the 

front and back faces of the film.  The rate of diffusion is dependent on the temperature of 

the solution and the polymer cure temperature.  There is a gradient of ordering present in 

the polymer after curing.  The most ordered face is the one in contact with the substrate 

during the curing process and the least ordered is the face not in contact with the 

substrate. [2]  

 The rate at which a polyimide film swells is dependent on the temperature at 

which the polyamic acid was imidized.  The rate at which a solvent (NMP) front  at 25  

o
C moves through a PMDA-ODA polyimide film cured  at 200 

o
C, 300 

o
C, and 400 

o
C 

has been reported to be 0.075 nm/s, 0.05 nm/s, and 0.01 nm/s, respectively.  This was 

found by weighing the polymer before and after exposure to the solvent.  Any change in 

mass would correlate to a change in volume.  Since all significant swelling occurs from a 

solvent front moving through both faces of the film, the increase in mass correlates to an 

increase in thickness.  The rate that the solvent front moves through the polymer was 

calculated with the equation 0.5 (
𝑑𝑥

𝑑𝑡
) where 𝑑𝑥 is the change in thickness, and 𝑑𝑡 is the 

change in time. [2] 

1.3 Infrared Spectroscopic Characterization Techniques 

 To observe the swelling behavior of a polyimide, transmission infrared 

spectroscopy can be used to measure film thickness.  Infrared radiation that enters the 

polymer film and is reflected off the front and the back surfaces of the film before 

passing through to the detector will produce interference fringes due to the difference in 
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pathlength of single pass and multiple pass radiation between the source and the detector.  

The interference fringes are caused by a series of constructive and destructive 

interference patterns that are dependent on the film thickness and the wavelength of the 

radiation.  The equation for calculating film thickness is 
𝑛

2∆𝑐𝑚−1 where n is the number of 

maxima or minima between the selected points.[7]  Interference fringes present in a 

PMDA-ODA polyimide can be seen below in Figure 1.7 between 8000 cm
-1 

and 4000 

cm
-1

. 

 Although transmission spectroscopy is ideal for film thickness measurement, 

bands can often be totally absorbing due to the large pathlength travelled by the infrared 

beam.  To better observe chemical changes on the surface of the polymer, attenuated total 

reflectance (ATR) infrared spectroscopy can be used.  ATR spectroscopy exploits the 

property that radiation cannot be discontinuous at a boundary.  Infrared radiation is 

introduced into a prism at an angle greater than the critical angle for internal reflection.  

A standing wave, called an evanescent wave, forms in the sample as the radiation reflects 

internally off of the prism.  The effective penetration depth, 𝑑𝑝  ,  is defined as the 

distance from the crystal/sample interface where the intensity of the wave decays to  1/e 

of its original value.[7] The penetration depth is a function of the wavelength of the 

radiation, the refractive index of the crystal, and the refractive index of the sample and 

can be calculated according to the following: 𝑑𝑝  =
𝜆

2𝜋𝑛𝑐(𝑠𝑖𝑛2𝜃−𝑛𝑠𝑐
2 )1/2

 where nc is the 

refractive index of the internal refraction element, θ is the angle of incidence of the 

infrared radiation, nsc is a ratio of the refractive indices of the sample and the internal 

refraction element, and λ is the wavelength of the infrared radiation.  The evanescent 
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wave will generally penetrate to a depth of only a few micrometers.  An ATR spectrum 

of Kapton® , a widely used polyimide, is shown in Figure 1.8. 

 

Figure 1.7. Infrared transmission spectrum of Kapton® .  Interference fringes are 

present throughout the spectrum but only fringes between 8000 cm
-1

and 4500 cm
-1

, where 

no fundamental absorptions are present, are used for thickness calculations.   



10 
 

 

Figure 1.8. ATR infrared spectrum of Kapton® . 
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 Spectral band assignments were compiled from three sources so that spectral 

shifts could be observed when the film has been exposed to the different solvent systems.  

[8,9,10] These assignments are shown in Table 1.1.  The absorption assignments for 

Kapton®  were made by comparing the spectrum of Kapton®  obtained in our laboratory 

to those reported in three published papers.  The shape and intensity of the absorption 

bands is also included. 

 

Assignment Ref 8 Ref 9 Ref 10 Kapton® Band Type 

ν(N-H) of amide (precursor) 3320 
   

  

ν(C=O) of imide symmetric 1778 1777 1777 1775 W 

vC=O asymmetric 
 

1725 1725 1710 S, Broad 

C-N/N-H coupled deformation of amide (precursor) 1607 
  

1600 M 

Aromatic breathing 1505 1502 
 

1500 S 

ν(C-N-C) of imide 1378 1380 
 

1375 S, Broad 

ν(C-O-C) of aromatic-O-aromatic 1243 1250 
 

1239 S, Broad 

C-H in plane bending 
   

1165 W 

C-H in plane bending 
   

1113 W 

C-H in plane bending 
   

1090 M 

C-H in plane bending 
   

1015 W 

δ(C=O) of imide 721 725 
 

720 M 

δ assymetric (C-C>N-C) of imide 588 
   

W 

Table 1.1.  Assignments of infrared absorption bands and characterization from three 

sources and our assignments for Kapton® .  W, M, and S stand for weak, medium, and 

strong absorption intensity, respectively.    

 

1.4 Experimental Approach 

 After reviewing the literature and results of previous experiments, we conclude 

that producing a thin polyimide film from a PMDA-ODA precursor solution will allow us 

to control many of the variables present with current production of polyimides.  It will 

also allow us to compare the affects of different curing temperature, curing times, and 
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film thicknesses on the properties of the polymer.  These films will then be exposed to 

heated solvents commonly used in industry for cleaning and removal of photoresist 

masks. 

  



 

 

Chapter 2 

 

 

 

Preliminary Experiments and Method Development 

2.1 Introduction 

 To produce a thin polyimide film, a precursor solution of polyamic acid dissolved 

in volatile solvents will be used. In order to ensure the proper molecular orientation 

during curing that allows for swelling to occur, selecting a substrate capable of 

withstanding temperatures of up to 400 
o
C is necessary.  Many metal substrates are not 

practical due to oxidation at high temperatures.  Aluminum is not used due to a lattice 

match between the polyimide and the substrate.  They cannot be removed after curing. A 

glass substrate with a low coefficient of thermal expansion has been used for this purpose 

in previous experiments. [1]   

 The variables that were controlled during curing are the thickness of the film, the 

curing duration,  and curing temperature.  The variables that will be controlled during 

exposure to solvents are the temperature and composition of the solvent. 

2.2 Experimental  

 A polyimide precursor (Pyralin polyimide coating PI2555, lot H704117) was 

purchased from HD MicroSystems so that polyimide films could be produced for study.  
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A polymer drawdown tool shown in Figure 2.1 was purchased from Gardco.  PyroCeram 

glass was chosen as a substrate to cure the polyimide precursor on due to its low 

coefficient of thermal expansion and its high resistance to heat.  Approximately 4 mL of 

the polyimide precursor was applied to a 10 cm x 15 cm piece of PyroCeram glass and 

was then warmed to 30 
o
C to lower the viscosity so that it could be evenly drawn onto the 

glass.  The polymer precursor was then drawn into a thin layer on the glass.  The glass 

was heated under a flow of argon for 60 min at a temperature of 80 
o
C to remove the 

volatile solvents from the precursor.  The glass was then heated under a flow of argon to 

300 
o
C for 120 min to cure the polymer.  The polymer became noticeably darker as the 

curing process proceeded.  The temperature was monitored using an infrared 

thermometer (OS423-LS) purchased from Omega that is accurate to ±2%. After the 

sample had cooled on the glass, it was cut into pieces 2 cm x 5 cm. The sample was 

covered and allowed to sit for approximately two days.  During this time, the cured 

polymer began to partially detach itself from the glass.  The polymer was then completely 

removed from the glass using a razor blade.   

2.3 Results 

 A noticeable, but very shallow, depression was left in some of the sections of the 

PyroCeram glass where the polyimide had been curing.  Some of the polymer had a very 

thin coating of glass attached to its surface.  Infrared spectroscopy indicated that glass 

was present on the surface of the polyimide film.  This occurred on two subsequent 

attempts at curing the polyimide precursor on the PyroCeram glass.  It is unclear why this 

occurs, but potentially, it could be due to a very strong attraction between the glass and 

the polyimide.  The low coefficient of thermal expansion of the glass and the higher 
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coefficient of the polymer could mechanically force a thin layer of glass off of the 

substrate.  The PyroCeram glass is not a suitable substrate for curing a polyimide 

precursor. 

 

Figure 2.1. A polymer drawdown tool purchased from Gardco. 

2.4 Experimental 

 It was necessary to select a different substrate that the polyimide film would allow 

for removal of the film without any residual substrate present on the film. The previous 

film-making protocol was performed using a 10 cm x 15 cm sheet of extruded 

borosilicate glass as a substrate.  The polymer was mounted to an aluminum holder, 

shown in Figure 2.2, fabricated by J. Decker in the Ball State University machine shop.  

An infrared spectrum was obtained using a Perkin-Elmer Spectrum 100 at 4 cm
-1

 

resolution with 10 signal-average scans. The parameters previously described for 

determination of film thickness were used. 
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Figure 2.2. The polymer holder fabricated by J. Decker in the Cooper Science machine 

shop. 

 

2.5 Results and Discussion 

 There were no interference fringes present in this sample.  This indicates that the 

polymer is not of uniform thickness.  This was caused by the extruded borosilicate glass 

not having a uniform thickness as illustrated in Fig. 2.3.  Extruded glass is produced by 

heating the borosilicate glass and forcing the molten glass through a mold.  This glass 

also was not suitable as a substrate for curing a polyimide film of uniform thickness. 

 

 

Figure 2.3.  A diagram of the polyimide film on the extruded borosilicate glass.  The 

variable thickness of the substrate caused the polyimide film to have a variable thickness. 
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2.6 Experimental 

 A 10 cm x 15 cm piece of floated borosilicate glass was then used to cure the 

polyimide following the previously discussed protocol.  Floated borosilicate glass is 

manufactured by heating the borosilicate and pouring the molten glass into a form.  This 

produces a uniform thickness which was not present in the extruded borosilicate glass, 

and consequently, the substrate might be more suitable on which to cure polyimide films. 

After the polymer had been removed from the glass, it was mounted to the polymer 

holder, and its thickness was determined to be 27.2 μm by analysis of the interference 

fringes.  This polymer was exposed to DMSO at 67 
o
C with spectra taken at 10 min 

intervals for 90 min and a final thickness calculation taken at 120 min.  The interference 

fringes were observed in the range of 7000 cm
-1

 to 5000 cm
-1

 so that no fundamental 

absorptions would obscure the interfere fringes.  A spectrum of the polyimide after 

exposure to DMSO at 67 
o
C for 50 minutes is shown in Figure 2.4. 

 Error in the thickness determinations was calculated by the following method. 

First a film thickness for a particular spectrum was calculated as described in section 1.3 

using the equation 
𝑛

2∆𝑐𝑚−1
.  Then it was recalculated using a different interval for a total 

of four determinations.  The standard deviation was calculated.  This process was 

repeated for two additional spectra.  The mean of the standard deviations was determined 

and used as an estimation of the error in the film thickness calculations.   

2.7 Results and Discussion 

 Since the error in the film thickness determinations was estimated as +/- 0.2 μm, 

the plot of thickness versus time exposed to the solvent is shown in Figure 2.5 indicates 
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that no significant swelling was observed in this sample. All of the data points are within 

our calculated margin of error.  
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Figure 2.4. Interference fringes present between 8000 cm
-1 

and 4000 cm
-1

in a spectrum of 

Kapton®  after being exposed to DMSO for 50 minutes. 
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Figure 2.5. Thickness of a polyimide film cured at 300 
o
C for 120 min after being exposed 

to a solvent bath of DMSO heated to a temperature of 67 
o
C. 

 

 Swelling was expected because the polyimide was cured on a substrate which 

should allow for the proper orientation for swelling to take place as described in the 

Gattiglia and Russell paper.  They did not measure thickness directly.  Their method of 

detecting thickness changes was to observe a change in mass after exposure to a solvent.  

Using the change in mass of the film and the density of DMSO, they were able to 

calculate the change in thickness.  They report that swelling does occur to polyimides 

cured on a substrate and exposed to DMSO at 67 
o
C.  This data is shown in Figure 2.6.  

 Our experimental protocol for production of a thin film polyimide was similar to 

that reported in the literature, so it is unclear why proper orientation and, subsequently, 

swelling did not take place. 
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Figure 2.6.  Polyimides of varying thicknesses cured at 300 
o
C exhibit swelling after 

exposure to a DMSO bath at 67 
o
C. 

  



 

 

 

 

Chapter 3 

 

 

 

Swelling Studies on Kapton®  
 

3.1 Introduction 

 

 Since our success in producing oriented polyimide films was very limited, we 

decided to use a pre-made polyimide film for further studies.  Kapton®  is a polyimide 

film produced by DuPont.  It was selected for this study because it was easy to obtain and 

because of its wide use in industry and its uniform physical properties.   

 We have studied the swelling and chemical effects of NMP and DMSO on 

Kapton®.  These solvents were chosen because they are common components of 

photoresist stripping formulations.  We believe that studying the rates at which solvents 

diffuse through the polyimide film will help in understanding how potentially destructive 

chemicals are introduced into the polymer.   

3.2 Experimental 

 Three sheets of Kapton®  HN approximately 8 inches by 11inches with a 

thickness of 13.0 μm were obtained from DuPont and were cut into strips of 

approximately 2.5 cm by 1.5 cm.  A thickness measurement was made prior to immersing 

them into a solvent bath. The strips were them immersed into a room temperature (23 
o
C) 

solvent bath composed of either DMSO (boiling point = 189 
o
C) or NMP (boiling point = 
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202 
o
C). The strips were removed at intervals of 10 min for 1 h and again at 90 min and 

120 min.  They were gently blotted dry using a Kimwipe and placed into the polymer 

holder.  Analysis of interference fringes in infrared spectra were obtained using the 

parameters discussed in chapters 1 and 2, respectively.  ATR spectroscopy was used after 

the 120 min exposure to the solvent bath in each trial to observe potential chemical 

changes to and solvent interactions with the Kapton®  film.  This protocol was repeated 

for solvent baths at temperatures of 67, 95, and 125 
o
C.  The data were compiled and 

plotted. 

3.3.1 Changes in Thickness 

 Figure 3.1 shows the changes in thickness of Kapton®  during exposure to solvent 

baths of DMSO.  For solvent baths heated to 67, 95, and 125 
o
C, most of the swelling 

occurred within the first 30 min of exposure to the solvent.  The slope of these lines relate 

to the velocity at which a solvent diffuses through the polymer matrix. The swelling 

behavior of Kapton®  in a room temperature DMSO bath appears to differ from the 

swelling behavior in a heated solvent bath.  The swelling is nearly linear over the entire 

exposure and has a much lower initial rate.  It is possible that the Kapton® exposed at 

room temperature would continue to swell to the same degree as the heated baths but the 

experiment did not proceed for a long enough time to observe this.   

 The largest amount of swelling occurred in the Kapton®  film exposed to the 

DMSO solvent bath at 95 
o
C.  This indicates that there is a factor other than the kinetic 

energy of the solvent molecules that affects the diffusion of the solvent through the film.  

One hypothesis is that at some temperature greater than 95 
o
C, the order of the polymer is 

decreased which will prevent the uptake of solvent.  This does not seem plausible 
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because the glassy transition temperature of Kapton® is known to be greater than 400 
o
C; 

however, the presence of a solvent within the polymer matrix could disrupt the lattice 

structure enough to lower the glassy transition temperature.  A conformational change is 

certainly possible.   Another hypothesis is that at 125 
o
C, the dissolution of the film is 

more dominant than in the cooler solvent baths.  The film may still be taking up solvent 

but the thickness increase due to solvent absorption is offset by the dissolution.  

Unpublished results by Charlie Sexton indicate that dissolution of a polyimide film 

exposed to DMSO at 95 
o
C

 
does take place. 

 Each of the heated solvent bath plots has a negative change in thickness (with 

respect to the thickness determination 10 minutes prior) that occurs sometime in the first 

hour.  The decrease in thickness is within the margin of error of +/- 0.2 μm but it occurs 

in each trial.  It is likely that this is not due to error and is a real occurrence. 

 

Figure 3.1.  Changes in film thickness of Kapton®  after being exposed to DMSO at room 

temperature, 67, 95, and 125 
o
C. 
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 Figure 3.2 shows the changes in thickness of Kapton®  film during exposure to 

solvent baths of NMP.  For solvent baths heated to 67, 95, and 125 
o
C, most of the 

swelling occurred within the first 30 min of exposure to the solvent.  In these three trials, 

the Kapton®  reached a maximum thickness that was roughly the same. 

 Similar to the experiments using DMSO as a solvent, the swelling behavior of 

Kapton®  in a room temperature NMP bath appears to differ from the swelling behavior 

in a heated solvent bath.  The data for the room temperature solvent bath is nearly linear 

and has a much lower initial slope. It is possible that the Kapton® exposed to the solvent 

at room temperature would swell the same amount as the film exposed to a heated bath, 

but the experiment did not proceed for a long enough time to observe this.   

 At times greater than 60 min for the solvent baths at 95 and 125 
o
C, a slight 

decrease is noted.  This decrease is not greater than the accepted error of +/- 0.2 μm for 

the experiment, but it is consistent, again, with data collected by Charlie Sexton for his 

master’s thesis where he reports that polyimide film thickness decreases over time with 

exposure to solvents.  
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Figure 3.2.  Changes in film thickness of Kapton®  after being exposed to NMP at room 

temperature, 67, 95, and 125 
o
C. 

 

 An initial rate has been determined using the equation 
∆𝑥

∆𝑇
 where ∆𝑇 is 10 min (the 

first data point after exposure to the solvent) and ∆𝑥 is the change in thickness. The rate 

for swelling (in nm/min) is shown in Table 3.1. 

  Conditions Rate (nm/s) 0.5  (
∆𝑥

∆𝑇
) 

DMSO 

RT 0.18 0.09 

67 1.77 0.89 

95 3.65 1.83 

125 2.30 1.15 

NMP 

RT 0.12 0.06 

67 2.53 1.27 

95 3.57 1.78 

125 3.20 1.60 

Table 3.1. Rates of swelling for Kapton®  exposed to heated solvent baths in nm/s. 

 Using the data above, a plot of the natural log of the rate versus 1/T will provide a 

slope from which the activation energy can be calculated.  The activation energy is not 

y = 0.0057x + 0.0085

0

0.5

1

1.5

2

2.5

3

0 20 40 60 80 100 120

C
h

an
ge

 in
 t

h
ic

kn
e

ss
 (
μ

m
)

Time (min)

NMP Change in Thicknesses

125

95

67

RT

Linear (RT)



27 
 

dependent on solvent and was calculated to be approximately 42 kJ/mol.  This is 

consistent with the 45 kJ/mol value reported by Gattiglia and Russell.[2] 

 

3.3.2 Infrared Spectral Shifts 

 

 An ATR spectrum of each film was acquired after the 120 min exposure to the 

solvent.  The effective penetration depth for the evanescent wave was calculated using 

the  approximately 13 μm at 2000 cm
-1

 for this material, (refractive index of Kapton® = 

1.7; refractive index of diamond = 2.4) using this ATR accessory with a 45
o
 angle of 

incidence.  The most notable change was observed to be in the carbonyl asymmetric 

stretching absorption found at 1710.12 cm
-1

 in the unexposed Kapton®.  After exposure 

to either NMP or DMSO, there is a shift of this spectral band to higher wavenumbers. 

The average spectral shift of the carbonyl stretching band is shown below in Table 3.2.    

Conditions Carbonyl Frequency 

No Solvent at 23 oC 1710.12 cm-1 +/- 0.22 

  
 DMSO at 67 oC 1713.08 cm-1 

DMSO at 95 oC 1711.93 cm-1 

DMSO at 125 oC 1712.49 cm-1 

NMP at 67 oC 1714.42 cm-1 

NMP at 95 oC 1713.62 cm-1 

NMP at 125 oC 1714.08 cm-1 

Table 3.2.  The average vibrational frequencies of the asymmetric carbonyl bond before 

and after being exposed to solvents at various temperatures. 

 

 The shifts to a higher frequency may indicate that there is some interaction 

between the Kapton®  film and the solvent such that the carbonyl bond is stabilized.  

Interactions could disrupt the intra- and intermolecular electron sharing in the polymer 

chain by donating electrons to the carbonyl bond, which would then become shorter.  The 

asymmetric vibrational frequency of the carbonyl bonds in an imide is slowed due a 
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decreased bond strength.  The resonance that causes this is shown in Figure 3.3.[11] This 

would cause a shift toward higher frequencies. 

 In imides, anhydrides, and carbonates, the asymmetric carbonyl vibration is 

unusual because it occurs at a lower frequency than the symmetric vibration.  The 

asymmetric carbonyl stretch is slowed by the formation of a charged species shown in 

Figure 3.3.  The electrons in the carbonyl bond can slip away from the bond, decreasing 

its strength and forming a charge distribution.[11]  This decrease in bond strength causes 

a decrease in the restoring force that pulls the oxygen back toward the carbon, leading to 

a lower vibrational frequency.  The frequencies shown in Table 3.2 indicate that after 

exposure to either DMSO or NMP, the asymmetric vibrations shift to a higher frequency.  

This shift indicates that there is some interaction between the solvent and the polymer 

which inhibits the formation of the charged resonance forms.  It could be that the 

presence of solvent molecules between the layers disrupts the intermolecular electrostatic 

attraction between the nitrogen and the oxygen which would destabilize the charged 

resonance form.  By decreasing this stability, they are less likely to form, effectively 

increasing the restoring force of the carbonyl bond. 

 

Figure 3.3. As the carbonyl bond length increases, the bond order of the carbonyl is 

decreased. This weaker single bond produces a weaker restoring force which slows the 

vibrational frequency. 
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 In the polymer exposed to either solvent, we see that between the 67 
o
C solvent 

bath and the 95 
o
C solvent bath the frequency decreases.  This could indicate that there is 

some interaction between the polyimide film and the solvent in which the carbonyl bond 

is now destabilized.  After exposing the Kapton®  to a solvent bath at 125 
o
C, the 

vibrational frequency increases again.  These trends which occur in both solvents could 

be due to conformational changes in the polymer.  

 The change in vibrational frequencies of the carbonyl is larger in the Kapton®  

exposed to NMP as shown in Table 3.3.  This could be due to the nearly planar five 

membered ring of NMP fitting more easily between the stacked aromatic rings of the 

bulk polymer as compared to the DMSO.  This would disrupt the intra- and 

intermolecular electron sharing and would cause a larger shift.   

 67 
o
C 95 

o
C 125 

o
C 

∆ cm-1 in DMSO 2.96 1.81 2.37 

∆ cm -1 in NMP 4.30 3.50 3.95 

Table 3.3. The change in vibrational frequencies of the asymmetric carbonyl stretch in 

Kapton®  after being exposed to heated solvent baths. 

 

 

3.4  Conclusions 

  In conclusion, it appears the Kapton’s®  behavior is fairly consistent over the 

temperature range studied in NMP as measured by film thickness, rate of swelling, and 

carbonyl frequency shifts.  The initial rate of swelling at RT is not far off with that 

reported in Gattiglia paper for PMDA-ODA films imidized at 200 
o
C. Our results are also 

consistent with their report in that we observe little swelling at times greater than 30 min.  



30 
 

This could be due to solvent molecules taking up all of the free space available in the 

polymer, essentially “saturating” the film with solvent. [12] However, Kapton’s®  

behavior in DMSO is quite different.  Clearly there is some structural change taking place 

between 67 and 125 
o
C that is shown by the properties we measured.  The changes in the 

rate of swelling and the shifts in carbonyl frequencies cannot be explained simply by film 

dissolution or hydrolysis by residual water in the solvent.  It appears several competing 

factors influence this behavior and a full understanding of these effects would require 

more research. 
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