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ABSTRACT 

 

 

THESIS: Infrared Spectroscopic Study of Polyimide Film Degradation 

STUDENT:  Charles W. Sexton 

DEGREE:  Master of Science 

COLLEGE:  Science and Humanities 

DATE:  Nov 2009 

PAGES:  33 

 

 This thesis focuses on the study of solvent degradation on polyimide films. 

Polyimides spun on silicon and freestanding polyimide films were exposed to solvents as 

a function of time at a constant temperature. The polyimide spun on silicon was 

immersed in dimethyl sulfoxide (DMSO) at 90
o
C for 30, 90, 270, and 450 min. Infrared 

spectra were obtained via multiple-bounce attenuated total reflection (ATR) and 

reflection-absorption (RA) spectroscopy. Thickness calculations were made using 

interference fringes obtained from RA spectra for each time interval. A reduction of 

thickness was observed with a total difference of 1.5 µm suggesting film degradation as a 

function of solvent exposure. Spectral changes in the symmetric and asymmetric carbonyl 

stretching modes were observed in both the ATR and RA sampling, which could be 

attributed to further curing of the polymer. 

 Two experiments were performed on the freestanding polyimide film. The first 

experiment exposed the film to DMSO and the second to n-methyl pyrollidinone (NMP). 



 

x 
 

In both instances, the freestanding film was immersed in the solvent at 98
o
C for 30, 90, 

270, and 450 min. Infrared spectra were obtained via single-bounce ATR and 

transmission spectroscopy. No noticeable differences in spectra were observed. 

Thickness calculations were made using interference fringes obtained from transmission 

spectra. After immersion in DMSO, the thickness of the film increased initially, but then 

no significant changes in thickness occurred after 30 min. The initial increase in thickness 

may be due to solvent being trapped inside the film.  

After immersion in NMP, the thickness calculations showed no change in film 

thickness. However, our data as well as past researchers suggested some increase in 

thickness must occur due to solvent absorption.  We propose that film degradation may 

be occurring in the NMP at approximately the same rate as swelling, thus no net decrease 

in thickness could be observed. This hypothesis is supported by the fact that a yellow 

coloration was visually observed to be in the solvent after immersion of the freestanding 

film. A subtraction of a spectrum of fresh NMP solvent from the spectrum of the yellow–

colored solvent showed bands consistent with polyamic acid, a starting material for the 

freestanding film, which could have been formed from a hydrolysis reaction. 



Chapter 1 

Literature Review and Introduction 

 

 

1.1 General Background on Polyimides 

Polyimides are polymers that are made up of imide monomers. Kapton®, a 

heterocyclic polyimide, is shown in Figure 1.1. Aromatic polyimides such as Kapton® 

can exhibit exceptional mechanical, thermal, and dielectric properties and are finding 

widespread use in the microelectronics industry as a dielectric insulator.  The preparation 

of the Kapton® polyimide consists of a two step process in which a dianhydride and a 

diamine are reacted in a dipolar aprotic solvent, N,N dimethylacetamide (DMAc), under 

ambient conditions to yield a polyamic acid. The polyamic acid then undergoes 

cyclization and dehydration to yield the Kapton® polyimide.  

 

 
Figure 1.1: Kapton® polyimide synthesis. (Reproduced from Ref #1)
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The Kapton® polyimide was discovered and is produced by Dupont
TM

. It has 

many applications including its use on non-rigid substrates such as flexible printed 

circuits, due to its stability in a wide range of temperatures. NASA uses Kapton® for 

circuits in their spacesuits which allow their astronauts increased mobility. Military 

avionics take advantage of Kapton® as well using them in the circuitry of helicopters and 

planes. Kapton® has been known to have poor resistance to mechanical wear, however, 

due to the abrasive movements that take place aboard aircrafts.
1
 

 Polyimides have been mass-produced since 1955. Semiconductor and electronics 

industries, such as Samsung, Mitsubishi, and Sony use polyimides as insulators and/or 

photoresists in patterned circuits. Polyimides are known to be thermally stable, easy to 

use, and have a low dielectric constant. A dielectric constant is the ratio of the flux 

density produced by an electric field in a given dielectric to the flux density produced by 

that field in a vacuum.
1
 

 The patterning process of circuits can be done dozens of ways, two simple ways 

of which are shown in Figure 1.2. A polyimide is spun on top of a silicon wafer, and then 

a photoresist layer is added. A mask is then placed over the photoresist layer and the 

wafer is then exposed to UV light. In the positive photoresist method the portion of the 

photoresist that is exposed to light become soluble in the cleaning solvent, and the 

portion of the photoresist that is unexposed remains insoluble in the cleaning solvent. In 

the negative photoresist method, the portion of the photoresist that is exposed to light 

becomes relatively insoluble to the photoresist developer. The unexposed portion of the 

photoresist is dissolved by the photoresist developer.
2 
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Figure 1.2: Positive and negative photoresist comparison. 

(Reproduced from Ref #2) 

 

1.2 Purpose of Our Research 

The cleaning of silicon wafers can be a challenge in industrial settings. When 

trying to remove the photoresist layers that are on top of the dielectric layer, the removal 

process is sometimes flawed in the fact that it causes damage to the dielectric itself 

instead of cleanly removing the polymer on top. Experiments at Dynaloy of Indianapolis, 

a photoresist stripping formulations company, indicate (Figure 1.3) that there may be 

damage in the form of large craters on the polyimide dielectric layer surface after 

exposure to an agitated solution of certain cleaning solvents.
1
 When polyimides are 

exposed to a given solvent or solvent blend, damage to the polyimide dielectric may 

occur, thereby compromising its ability to function optimally.  

The purpose of our research is to understand the variables that affect this damage. 

Ultimately, this will help find an effective way to remove the polyimide photoresist 
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coatings without damaging the polyimide dielectrics that are underneath of it. Since the 

structural changes that may occur in the dielectric may depend on solvent type, 

temperature, and the time exposed to the solvent, we aim to study the infrared 

spectroscopic change in polyimide films under a variety of conditions. 

 

 
 

Figure 1.3: Solvent damage on polyimide after exposure to agitated cleaning 

solvent. (Reproduced from Ref #1) 

 

Infrared spectroscopy (IR) is an extremely reliable method that provides selective 

molecular information. Two types of IR spectroscopy that we will consider are attenuated 

total reflection, ATR, and reflection-absorption, or RA. Using ATR will allow us to 

examine the surface of the coating due to the small penetration depth of the IR 

evanescent wave, while in RA the infrared beam penetrates the entire sample and is, 

approximately, a double-pass experiment. Using the latter technique, the spectrum often 

exhibits interference fringes which can allow us to calculate the thickness. 

a. Attenuated Total Reflection Spectroscopy 

In a multi-pass ATR experiment, the IR beam travels through a high refractive 

index crystal and reflects internally about 5-10 times then exits out the other end of the 
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crystal and goes into the detector. At each point of reflection it produces an evanescent 

wave that penetrates the sample. Good contact between the sample and the crystal is 

imperative to obtain good spectra because the evanescent wave effectively penetrates into 

the sample only a few microns, anywhere from 0.5-5 µm. For a relatively large sample 

this is usually accomplished by placing a padded clamp on top of the sample and 

applying pressure. An example of a horizontal ATR can be seen in Figure 1.4a and 1.4b.
3
  

 Infrared radiation enters the horizontal ATR accessory where it then reflects off 

mirrors until the infrared radiation beam enters the crystal where the internal reflection 

takes place. The radiation that is not absorbed by the sample then exits the crystal, 

reflects off the mirrors, and enters the detector. It is very important to make sure that the 

refractive index of the crystal is higher than the sample; otherwise internal reflectance 

will not occur and the infrared radiation will just be transmitted. The larger the refractive 

index of the crystal, the smaller the penetration depth of the evanescent wave. 

 

 

 

 

 

 

 

 

 

 



6 

 

a) 

 
 b) 

 
  

Figure 1.4: a) Horizontal ATR accessory. b) Shows internal reflectance 

and contact between the sample and crystal. (Reproduced from Ref #3)  

 

A few different types of ATR crystals can be used. These include germanium, 

diamond, and zinc selenide crystals. Germanium has the highest refractive index of these 

three materials. It is useful for any high absorbing materials such as carbon black that 

have a high refractive index since the depth of penetration from the IR radiation using a 

germanium crystal is very small. 

The diamond crystal is by far the most robust and durable crystal available. 

However, it is much more expensive than the germanium or zinc selenide crystals, so 

most labs tend to either use the germanium or the ZnSe crystals for large samples. The 

ZnSe crystal is the most commonly used crystals of the three types of crystals because of 
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its low cost and versatility. ZnSe can be used with an array of materials such as putties, 

powders, or in our case, films. Care must be taken when handling the ZnSe crystal 

because it scratches easily.   

Figure 1.5 illustrates the effects of depth of penetration versus wavelength for a 

standard 45º ZnSe crystal setup. As you can see by looking at the graph, the longer the 

wavelength the more the IR radiation penetrates the sample. The high wavenumber range 

effectively penetrates about 0.5 µm into a sample with a refractive index of 1.3 where in 

the low wavenumber
 
range it penetrates closer to 2 µm into the sample. Also in Figure 

1.5, one can observe that the higher the refractive index of the sample, the larger the 

penetration depth.  
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Figure 1.5: Approximate penetration depth in µm of an evanescent wave using a 

ZnSe crystal with a 45º angle of incidence. (Reproduced from Ref #4) 

 

 The depth is dependent upon angle of incidence and refractive index of crystal 

and can be calculated at any wavelength using the following equation,  

 

 

where  is the wavelength,  is the refractive index of the crystal,  is the angle of 

incidence, and sp is the ratio of the refractive index of the sample to the crystal. 

b. Reflection-absorption Spectroscopy 

 Reflection-absorption can be performed using the accessory shown in Figure 1.6a. 

A reflection-absorption experiment occurs when infrared light enters the accessory, 
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reflects off a mirror, and then reflects into the sample laying sample side down on top of 

the accessory. Infrared radiation passes all the way through the sample and reflects off 

the metal surface behind, passes back through the sample, before reflecting off another 

mirror and entering the detector (Figure 1.6b).   

If the sample is too thick, there is a possibility that the radiation will be 

completely absorbing. RA is ideal for thinner films approximately 0.2 – 20 µm thick that 

lie on a reflective substrate, like a thin layer of polyimide spun on silicon. 

 

a. b.  

Figure 1.6: a) RA accessory shown on the left. b) Infrared radiation penetration 

demonstrated on the right. 

 

1.3 Polyimide Infrared Absorptions 

Understanding the infrared band assignments of polyimides and related 

compounds is very important. The literature reports these species of polyimides can be 

distinguished by their carbonyl bands. As shown in Figure 1.7, cyclic anhydrides have 

carbonyl absorptions at 1850 cm
-1

, a symmetric stretch, and at 1780 cm
-1 

which is an 

asymmetric stretch. Isoimides can form and be seen in the region at 1800 and 1710 cm
-1

. 

Intermolecular links are characterized by a pair of carbonyl stretching modes. However, 
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these modes are located at lower frequencies than the corresponding cyclic imide modes 

and can be found around 1723 and 1710 cm
-1

.
 5

 

 
     a.           b. 

  

Figure 1.7: a) Possible imide formations and intermolecular linking. b) 

Isothermal curing effects on polyimide band after exposure to solvent. 

(Reproduced from Ref #5) 

 

1.4 Solvent Effects on Polyimides 

Literature reports that swelling of aromatic polyimides can occur when they are 

exposed to dimethyl sulfoxide (DMSO) or n-methyl pyrollidinone (NMP).
6
 The degree of 

swelling, a Case II Diffusion process, is dependent on the temperature of the solvent bath; 

typically the higher the temperature the more rapid the swelling that takes place, at least 

initially. This swelling appears to take place mostly in the first 30 min the polyimide is 

exposed to the solvent and tends to level off as time progresses. Figure 1.8 shows the 

weight of a free standing polyimide film with a thickness of 20 µm versus time. The 

increase in weight is indicative of the swelling that is taking place. Experiments also 

show that swelling increases as the film thickness decreases. 
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Figure 1.8: Illustrates a 

weight comparison to timed 

exposure of a free standing 

polyimide in a cleaning 

solvent. (Reproduced from 

Ref #6) 

 

 

 

 

 

 

 

 

 There is a tendency for the polymer to swell a great deal in the first 10 min at a 

higher temperature while remaining relatively less swollen at lower temperatures.  

1.5 Our Research Approach 

 Little is found in the literature that addresses solvent effects on polyimide films. 

Their experiments were performed on freestanding Kapton® films, rather than a film 

spun onto silicon (in situ).
6
 The researchers did not examine the infrared spectra in order 

to try to ascertain specific molecular interactions. Since the latter is our research goal, we 

will first try to evaluate the best sampling technique for gathering infrared spectra on 

samples in-situ after solvent exposure, and to establish some kind of sampling protocol.

 

 

 

 

 

 

 

 

 



 

 

Chapter 2 

 Evaluation of Sampling Techniques 

 

 

The sampling techniques reflection-absorption and attenuated total reflection were 

used to obtain infrared spectra on samples of polyimide films spun on silicon. After 

exposure to a major component of most stripping formulations, both types of spectra 

were obtained and compared. 

2.1 Experimental 

The polyimides on silicon wafers were received from Dynaloy. A small sample 

(approximately 2 cm x 1 cm) of the wafer was immersed in dimethylsulfoxide (DMSO 

99.5%, Sigma-Aldrich) at 90
o
C for 30 min. It was then promptly removed from the 

solvent, placed in a glass dish, and blown dry with a hair dryer. IR spectra were obtained 

using a multiple-bounce ATR accessory with a ZnSe crystal, and with an RA accessory at 

4 cm
-1

 resolution using a Perkin-Elmer Spectrum 1000 FT-IR Spectrometer. One hundred 

signal-averaged scans were obtained on each spectrum. The same piece of wafer was 

submerged for 90, 270, and 450 min and the process above was repeated. 
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2.2 Reflection-absorption Sampling 

Figure 2.1 shows stacked infrared spectra of a polyimide sample on silicon using 

the reflection-absorption accessory at various time intervals. One of the things that can be 

observed is the interference fringes that are located mostly between 4000 and 2000 cm
-1

.  

 

Figure 2.1: RA spectra over a time period from 0-450 min of DMSO solvent 

exposure. Note the appearance of interference fringes. 

 

Interference fringes are a result of constructive and destructive interference, 

radiation exactly in phase and exactly out of phase respectively. This constructive and 

destructive interference is a result of the interaction of the transmitted radiation with a 

portion of the infrared beam that has been reflected between the two inner surfaces of the 

sample.  
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The thickness of the film can be calculated from the interference fringes using the 

following equation,  

 

 

where the “number of maxima” is the number of interference fringe maxima between two 

points,  (cm
-1

)and (cm
-1

); η is the refractive index of the film;  is the angle of 

incidence of the IR radiation which is 35
o
 for our RA accessory.

4
 

The thickness of the film for each time interval was calculated to determine if 

there was a change. Our hypothesis was that as the polymer was exposed to the DMSO 

over time, it may become thinner because the surface was getting dissolved by the 

solvent. Our calculations listed in Table 2.1 provide evidence to support this theory.  

 

 

 

Table 2.1: Calculated thickness of film as a function of time exposed to solvent.  

 

2.3 Attenuated Total Reflection Sampling 

Figure 2.2 shows several stacked infrared spectra of our sample at various time 

intervals on silicon using the ATR accessory. We also see some interference fringes in 

these spectra. These interference fringes indicate that the penetration of the infrared beam 

goes completely through the film. The interference fringes in these ATR spectra are not 

Calculated Film Thickness 

after Exposure to DMSO 

Time µm 

0 5.8 

30 5.3 

90 4.9 

270 4.3 

450 4.3 



15 

 

as well defined as those found in the RA spectra and were, therefore, not used to calculate 

thickness. 

 

Figure 2.2: Infrared spectra obtained using ATR after exposure to DMSO. 

 

2.4 Spectral Changes 
 

When examining the region between 1500 and 2000 cm
-1

 in the RA spectra 

(Figure 2.3a), we notice there are some changes that occur. Firstly the 1782 cm
-1

 band 

shifts to 1774 cm
-1

 after exposure to the solvent at 450 min. This is the symmetric C=O 

stretching absorption for the polyimide. The broad peak initially at 1745 cm
-1

, the 

asymmetric C=O stretch, seems to be resolved into two peaks at 30 min; one at 1752 cm
-1

 

and one at 1734 cm
-1

. At 90 min, the 1752 cm
-1

 band seems to disappear, while the 1734 
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cm
-1

 band remains in each spectrum throughout the time period. The band at 1700 cm
-1

 

shifts to 1712 cm
-1

 after 30 min, then seems to disappear at 90 min only to reappear at 

1695 cm
-1

 at 270 min. The peak initially at 1612 cm
-1

 appears to undergo similar 

unexplained shifts in the 30 and 90 min spectra, only to reappear at 1605 cm
-1

 in the 270 

and 450 min spectra.  

Examining the ATR spectra (Figure 2.3b) shows there is an initial shifting of 

bands at 30 min. The symmetric C=O stretch shifts from 1786 cm
-1

 to 1778 cm
-1

,
 
for 

example. The asymmetric stretch shifts from 1749 cm
-1

 to1739 cm
-1

 and the aromatic ring 

shifts from 1613 cm
-1 

to 1608 cm
-1

; however, spectral features remain relatively 

consistent after this throughout the time period. The exception is the unassigned band at 

1698 cm
-1

. It continues to shift to a band position of 1709 cm
-1

. 

When comparing the RA and the ATR spectra, it is notable that there are many 

inconsistent changes that occur in the RA spectra. Perhaps this could possibly be due to 

the overlap of interference fringes in the spectral region. When we examine the 30 and 90 

min RA spectra in the 2000 - 1800 cm
-1

 region (Figure 2.1 may provide more visible 

information) we see the fringes appear to overlap on top of spectral bands in the region of 

interest distorting their shapes and affecting the frequencies. Additionally, these 

inconsistent shifts do not appear in the ATR spectra because the fringes are much less 

intense. We can make some conclusions, however. The weak 1850 cm
-1 

band in both the 

RA and the ATR spectra is a symmetric C=O stretch due to an unreacted anhydride. As 

we heat the polymer in solvent, we appear to be curing the polyimide further and that 

band disappears upon heating. This is clearly observed in Figure 2.3ab. The asymmetric 

C=O stretch of the anhydride is likely to be on top of the symmetric C=O stretch of the 
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polyimide at about 1780 cm
-1

. (Please note that in an anhydride the symmetric C=O 

stretch is at a higher frequency than the asymmetric stretch.
9
) As we heat the polymer and 

cure it further, the anhydride’s contribution to this band is reduced and subsequently 

shifts to a lower cm
-1

 more characteristic of the polyimide vs(C=O) at 1774 cm
-1

. The 

shifts due to the unassigned band may be a curing effect too, since there is a C=O stretch 

due to polyamic acid that absorbs at 1700 cm
-1

 on top of that band. Shifts in the aromatic 

ring stretch region could also possibly be due to a curing effect of the polyamic acid as it 

also has an aromatic ring stretching absorption of C=C close to 1612 cm
-1

. 
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a. 

 

 

 
b. 

Figure 2.3: a) RA (top) and b) ATR (bottom) spectra in the 1500-2000 cm
-1

 

range. 
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Finally, it is possible that in our test films that swelling did occur in the first 10 

min it was exposed to DMSO; however these observations would not have been recorded 

due to our time intervals.  

The molecular structure of the polyimide film on silicon used in our experiments 

is unknown, thus adding to the complexity of making specific assignments. For future 

experimentation, we would like to limit ourselves to known polyimide films. This would 

be advantageous in making more specific band assignments. 

2.5 Conclusions  

 Interference fringes are more pronounced and more easily distinguishable in the 

RA spectra compared to the ATR spectra and, consequently, film thickness calculations 

may be more reliable using the RA spectra. Furthermore, the presence of interference 

fringes in the ATR spectra are perplexing considering that according to calculations, the 

penetration depth at 45
o
 for a zinc selenide element should only be about 4 µm at 3000 

cm
-1

. Front and back reflection are off of the polymer surface and, subsequently 

interference fringes should not be possible. This is supported by the fact that when a 

spectrum is obtained on a single-bounce ATR with a crystal of the same refractive index 

and angle of incidence with the same sample, no interference fringes arise. However, we 

might propose that the macroscopic ATR accessory needs much more pressure applied to 

the film for good contact and might actually flatten the film in the course of sampling 

such as to approach the 4 µm limit. As far as spectral quality, the RA technique is 

essentially a double pass experiment and gives rise to broad, nearly totally absorbing 

bands in the 1700-1000 cm
-1

 region; the ATR spectra do not. Consequently, the ATR 
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may be better suited to follow spectral changes of the polymer on silicon due to its small 

penetration depth. 

 Single-bounce ATR method would undoubtedly be the superior form of sampling 

for a free-standing polyimide film because of the polyimide’s uniformity; both the 

surface and internal structure should be the same. Furthermore, it is faster and easier than 

a multi-bounce to follow spectral changes. Transmission spectroscopy would be very 

good for determining the thickness of the free-standing film via interference fringes; 

however, it is likely that the thickness of a free-standing film will be too absorbing to be 

useful in the larger wavenumber region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 3 

Film Degradation Studies on Freestanding Films  

 

 

 A freestanding polyimide film was exposed to solvents at a relatively high 

temperature in order to try to accelerate damage by the solvent. We hoped to observe the 

degradation by monitoring infrared spectra frequencies using ATR and transmission 

spectroscopy. Kapton® 30HN has a known chemical structure which will allow us to 

interpret band shifts and changes due to solvent exposure with more confidence.  Film 

thicknesses will be calculated on a film using transmission infrared spectroscopy, which 

will allow us to monitor film degradation. 

3.1 Experimental 

 Two experiments were performed: one where a freestanding polyimide film 

(Kapton® 30HN, DuPont
TM

, 13 μm thickness, yellow color) was immersed in 50 mL 

DMSO and one where a freestanding film was immersed in 50 mL N-

methylpyrrolidinone (NMP), at 98
o
C for 30 min. The film was removed from the solution 

and all pieces of film were dried using a hairdryer until the remaining solvent was not 

visible on the film. IR spectra were obtained via single-bounce ATR with a diamond 

crystal accessory and transmission, both at 4 cm
-1

 resolution using a Perkin-Elmer
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 Spectrum 100 FT-IR spectrometer (100 scans, signal averaged). The process was 

repeated by submerging the same piece film at 90, 270, and 450 min. 

3.2 Single-Bounce ATR Spectra after Exposure to DMSO 

  Figure 3.1 shows stacked infrared spectra of the Kapton® film using the single-

bounce ATR accessory for consecutive time intervals in DMSO. Examining the spectra 

shows strong similarities in most every region with the exception of a band at 1053 cm
-1

.  

Upon evaluation it appears that this band is nothing more than DMSO solvent. No 

spectral changes were observed. 

 

Figure 3.1: Infrared spectra of freestanding Kapton® 30HN in DMSO using 

single-bounce ATR at 0, 30, 90, 270, and 450 min. 

 

 

 

1053 

1053 

1053 

1053 
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 3.3 Transmission Spectra after Exposure to DMSO 

 Figure 3.2 shows stacked transmission spectra of both the initial and final scans of 

the freestanding film after immersion in DMSO. From these spectra it is possible to 

determine the thickness of the polyimide film. The formula for this calculation is, 

 

where  is the thickness;  represents the number of maxima between  (cm
-1

)and  

(cm
-1

). 

 

 

 

 

 

 

Table 3.1: Calculated film thicknesses of freestanding film after immersion in DMSO. 

 We see a thickness change after immersion in solvent for 30 min. However, the 

thickness does not seem to change significantly upon immersion for longer periods of 

time. The initial increase in thickness may be due to the solvent being trapped in the 

middle of the film in a physical position that would make it nearly impossible to remove 

by drying the film’s surface as described in the experimental section. The fact that the 

film does not decrease in thickness after the initial increase indicates that there is not 

much film degradation taking place under these conditions. We estimate the error in these 

thickness calculations to be 0.2 µm. Examining the transmission spectra we noticed 

Calculated Film Thickness 

Observed via Transmission 

after Exposure to DMSO 

Solvent 

Time µm 

0 13.4 

30 14.8 

90 14.2 

270 14.6 

450 14.1 
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there are no additional spectral changes that occur other than the peak at 1053 cm
-1

 

shown in Figure 3.2. 

 

Figure 3.2: Spectral comparison of transmission spectra for freestanding 

Kapton® 30HN versus post exposure to DMSO at 450 min. 

 

3.4 Single-Bounce ATR Spectra after Exposure to NMP 

 Figure 3.3 shows an overlay of the infrared spectrum of the Kapton® film using 

the single-bounce ATR accessory for consecutive time intervals in NMP. Examining the 

ATR spectra shows there is no noticeable difference in these spectra from 0 to 450 min 

other than a shoulder that shows up at 1671 cm
-1

. This is due to solvent interference from 

NMP. 
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Figure 3.3: Infrared spectra of freestanding Kapton® 30HN after exposure to NMP using 

single-bounce ATR at time 0, 30, 90, 270, and 450 min, respectively. 

 

3.5 Transmission Spectra after Exposure to NMP 

 Figure 3.4 shows stacked spectra of both the initial and final spectra obtained by 

transmission sampling. The same NMP peak that arose in the single-bounce ATR at 1684 

cm
-1 

also shows up more resolved in the transmission spectra.  
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Figure 3.4: Spectral comparison of transmission spectra for freestanding Kapton® 30HN 

versus post exposure to NMP at 450 min. Note the difference at 1684 cm
-1

. 

 

Using the interference fringes from the transmission spectra, thickness calculations were 

made and are shown in table 3.2.  

 

 

 

 

 

Table 3.2: Calculated film thicknesses of freestanding film after exposure to NMP. 

 The calculated film thicknesses show a consistent thickness from time 0 

min through 450 min. The interference fringes in the spectrum obtained at 270 min were 

Calculated Film Thickness 

Observed via Transmission 

after Exposure to NMP Solvent 

Time µm 

0 13.4 

30 13.7 

90 13.7 

270 ---- 

450 13.5 
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superimposed on top of the absorptions making it difficult to determine the position of 

the maxima. It is possible that the solvent is being absorbed and trapped by the 

freestanding film which would effectuate an observed swelling of the film. It appears that 

as the swelling is taking place, film degradation is occurring at approximately the same 

rate which causes a consistency in observed thicknesses, thus no notable decrease in 

thickness is observed.  

Although the consistency of the film thickness along with the lack of band 

frequency changes could indicate that there is no detectable chemical degradation to the 

polymer when exposed to NMP as a function of time, the solvent NMP bath went from a 

colorless solution to a pale yellow color after exposure to the film at 98
o
C for 450 min. It 

is possible that the yellow color retained in the solvent is part of the polyimide film that 

was stripped away in the heating process due to a disruption in cross-linking, and/or it 

could possibly be a breakdown of the polymer into starting material such as polyamic 

acid.  

3.6 Examination of Residual Components in Solvents after Immersion of 

Freestanding Polyimide Film 

To further evaluate the yellow residue in the solvent, two experiments were 

performed. A 4” by 4” square of the freestanding film was immersed in 50 mL NMP at 

98
o
C for 450 min. The film was then removed from the solvent and discarded. To 

concentrate the yellow-colored solvent sample, the solvent was allowed to evaporate for 

approximately 240 min at about 40
o
C. The sample was transferred to a silver chloride salt 

window via glass pipette. After the solvent was allowed to dry on the salt window, 

additional sample was applied and allowed to dry until the sample was concentrated 
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enough to yield a good spectrum. A transmission spectrum was obtained on the sample at 

4 cm
-1

 resolution on a Perkin-Elmer Spectrum 100 FT-IR (10 scans signal averaged). A 

thin film of fresh NMP solvent on the silver chloride salt window was then prepared and 

a transmission spectra of this was obtained. The latter spectrum was subtracted from the 

sample spectrum and the results are in Figure 3.5, yielding a spectrum of the residue. 

 

Figure 3.5: Subtraction spectrum of NMP solvent after immersion of freestanding film. 

The peaks at 1711 cm
-1 

and 1656 cm
-1 

are carbonyl symmetric and asymmetric 

stretching modes, respectively. These stretching modes are slightly higher in frequency 

than the modes found in the polyimide. However, after comparing it to the spectrum for 

polyamic acid (Figure 3.6), a starting material for creating Kapton®, we see the same 

modes at 1717 cm
-1 

and at 1659 cm
-1

, which could indicate that the yellow color in the 
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NMP solvent could be polyamic acid, a result of hydrolysis reaction, perhaps due to 

water retained in the solvent. 

 

Figure 3.6:  Spectrum of polyamic acid. 

To make sure that no NMP solvent decomposition was taking place during the 

heating, another experiment was performed. The NMP was heated without the film under 

identical conditions (98
o
C for 450 min) and concentrated as described previously. An 

infrared spectrum was obtained. The spectrum of fresh NMP solvent was subtracted from 

the spectrum of heated NMP. No residue was apparent in the spectral results. 

Both of these procedures were also performed using DMSO as the solvent. In 

each case, the spectral subtraction showed no indication of a residue. 
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3.7 Conclusions 

 Utilizing single-bounce ATR and transmission spectroscopy on freestanding 

Kapton® 30HN polyimide film immersed in DMSO yielded inconclusive evidence of 

solvent effects on the film. However, a small peak at 1053 cm
-1

 was present in each of the 

spectra after immersion. It is possible that this is DMSO trapped inside the polyimide 

film.  Using the transmission spectra, we were able to calculate the film’s thickness 

during different time intervals. Calculations show that after the initial swelling of the film 

in the first 30 minutes, thickness remained relatively constant.  

 Replacing the DMSO with NMP, this procedure was repeated. Similar results 

were conceived, however a small shoulder peak at 1671 cm
-1

 arose in the single-bounce 

ATR and another in the transmission spectra at 1684 cm
-1

. This is presumably NMP 

solvent trapped inside the polyimide film. Thickness calculations obtained from the 

transmission spectra’s interference fringes provided sufficient evidence that there were no 

observed chemical changes to the polymer after immersion in NMP. 

 It is clear that the NMP solvent shows an accelerated degradation in comparison 

to DMSO. The evidence supporting this comes from the calculated thicknesses of each. 

After the initial absorption of DMSO into the film, not much degradation, if any, takes 

place. However, the film submerged in NMP, whilst not showing a decrease or increase 

in thickness, showed degradation as evinced by the yellow color in the residual solvent 

and spectral absorptions indicative of the polyamic acid starting material. It should be 

noted here that polyamic acid used in polyimide synthesis is yellow in color. We believe 

that some swelling must take place because there is some solvent in the spectra. How is it 

then, that there is no observed increase in film thickness? An offsetting balance of film 
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degradation and swelling occur during the film’s exposure to NMP making is difficult to 

observe a thickness change. There were no changes in color or spectral absorptions in the 

residual DMSO solvent after immersion of the film.  

 When we compare the effects of DMSO on a freestanding film versus a film spun 

on silicon (chapter 2), notable differences arise. Although no significant changes are 

observed in film thickness of a freestanding film, a film spun on silicon showed spectral 

changes in both the asymmetric and symmetric C=O stretching modes. Degradation to 

the film also took place and is noted in the calculated film thicknesses where an initial 5.8 

µm thickness is reduced to 4.3 µm after 450 min of exposure. During the solvent 

exposure, an observed curing of unreacted anhydride was occurring. There was no 

evidence of unreacted anhydride in the freestanding film. We believe that degradation 

could be accelerated on a less cured film. 
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