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ABSTRACT: To combat issues arising from polymer aging 
studies which include wasting valuable time and resources, 
Two-Dimensional Correlation Spectroscopy (2D-COS) has 
been observed to identify accelerated aging conditions in ma-
terials in a very short timeframe. This study is attempting to 
validate 2D-COS as a viable technique for aging studies by 
measuring the degradation of PMMA via x-ray radiation. 
PMMA has been previously observed to degrade via main 
chain scission under x-ray radiation,9, 10 and similar results 
have possibly been seen in this study. More work needs to 
be done to collect reliable data, including finalizing a standard 
operating procedure and normalizing raw data so that noise 
is not recognized as spectral change by the extremely sensi-
tive 2D-COS software.  

INTRODUCTION 

 

Polymer aging studies are performed to ex-
amine the way certain materials behave in extreme 
conditions for long periods of time. This information 
can aid in the choice of materials for certain products 
based on the way they behave. Accelerated aging 
studies are necessary to shorten the time needed to 
run a full-length aging study, which can take many 
years to complete. These aging studies do have 
shortcomings, as they can result in useless data while 
wasting a multitude of time. Also, aging studies can 
fail to account for all the possible chemical reasons of 
a material’s degradation as one may have multiple 
degradation mechanisms.1, 2  

An analysis technique, Two-Dimensional Cor-
relation Spectroscopy (2D-COS), has been seen to 
accurately identify accelerated aging conditions of 
materials. It is of importance to the Engineered Mate-
rials group at LANL to validate this technique in order 
to perform accurate accelerated aging studies to save 
valuable time and resources. 

2D-COS is a technique designed by Isao 
Noda, which generalized Two-Dimensional FTIR to in-
clude any time-dependent variable, such as tempera-
ture, concentration, pressure, pH, or radiation dose 
plotted against multiple spectra that show distinct 

change in a material. This new technique shows in-
creased resolution from traditional IR as very complex 
spectra can be separated and overlapping bands can 
be readily identified.3, 4  

This technique is performed by exposing a 
sample to a variable amount of an external perturba-
tion (temperature, concentration, pressure, pH, or ra-
diation dose), spectroscopically measuring in between 
each specified amount of the perturbation (Figure 1). 
As the external perturbation level is increased, unique 
spectral changes should be seen, which represent 
characteristic changes in the material. These spectra 
are all then used to generate a two-dimensional con-
tour plot also known as the dynamic spectrum, 
through mathematical manipulation that will be ex-
plained later on.   

The dynamic spectrum involves two separate 
contour plots, the synchronous and asynchronous 
spectra (Figure 2). Both of these spectra together can 
give information about the behavior of the material de-
cay and even the sequence of events of the degrada-
tion. The synchronous spectrum gives insight into 
spectral changes that are correlated to each other. 
The characteristic quality of the synchronous spec-
trum is the diagonal. On this diagonal lie autopeaks, 
also known as the spectral change as seen through 
the increasing external perturbation, where the inten-
sity is proportional to amount of change observed in 
the material. On the off-diagonal, signals can be seen 
which are called cross peaks. Cross peaks allow for 
correlation squares to be drawn for signals on the di-
agonal, meaning that those two spectral changes are 

Figure 1. Diagram of the general 2D-COS process. 
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correlated to each other. To determine the correlation, 
the signs of the cross peaks must be examined. Au-
topeaks are always positive, but cross peaks can be 
either positive or negative. If cross peaks are positive, 
it means that the two autopeaks are either increasing 
or decreasing together, and the opposite if cross 
peaks are negative.5 

The asynchronous spectrum then provides in-
formation on the individual changes in the material, 
and is the reason for the large resolution increase 
seen in 2D-COS from traditional IR measurements. 
This spectrum shows the spectral changes that are 
not correlated to each other. It represents the individ-
ual changes in the material that are due to the differ-
ing levels of the perturbation. Differing from a syn-
chronous spectrum, an asynchronous spectrum has 
no autopeaks, only cross peaks.  These cross peaks 
appear when two spectral signals change in an out-of-
phase relationship with one another. Even if dealing 
with very close/overlapping spectral bands, as long as 
the variation patterns at a certain signal are substan-
tially different due to the perturbation variable, a sig-
nal will form in the asynchronous spectrum.5 

Another key use of the asynchronous spec-
trum is that it can used to identify the sequential order 
of events of the material decay. Noda developed a set 
of rules to determine the order of events that has 
been seen to be very reliable.4 These rules mainly 
pertain to the signs of the cross peaks and how they 
relate to correlating peaks in the synchronous spec-
trum for the same signal. For example, if a cross peak 
is positive with a higher intensity at a certain wave-
number, then it is the first occurring step, but only if 
the sign of the signal in the asynchronous spectrum is 
the same as the autopeak in the synchronous spec-
trum for that particular signal. If the sign between this 
cross peak and the autopeak in the synchronous 
spectrum are opposite, than that rule is flipped.  
 

 

 

For this study, 2D-COS is currently being uti-
lized to analyze the degradation of Poly(methyl meth-
acrylate), PMMA, (Figure 3) with an external perturba-
tion of x-ray radiation. PMMA is of large interest for 
this study because it is well known to degrade under 
multiple environmental conditions, including heat and 
ionizing radiation.6-8 The importance of the study is 
tailored towards the validation of 2D-COS as an ana-
lytical technique, so having a material that is well doc-
umented to show spectral change is important be-
cause it should be readily confirmed by 2D-COS.  

It has been documented that through x-ray 
and other high energy irradiations, that PMMA is sus-
ceptible to main chain scission. X-ray irradiation has 
also been found to be the most efficient radiation 
source for PMMA, in terms of the efficiency of chain 
scission without the removal of ester groups.9, 10 
These known results give a benchmark for material 
degradation that should be readily observed through 
2D-COS, which would serve as a validation of the 
analysis technique if similar results are seen.  

 
Figure 3. Chemical structure of PMMA. 

   

EXPERIMENTAL  

 

The PMMA film samples used in this study 
have been purchased from Goodfellow and spectro-
scopically measured using the Bruker 800 instrument 
at LANL.  Initially for this study, the goal was to utilize 
transmission FTIR to measure the changes due to ir-
radiation, but once experiments were performed on 
the material, the 50 µm PMMA film appeared to be 
too thick, as some important spectral signals were 
saturating, so an ATR attachment was used, which 
only samples the surface of a sample, where trans-
mission measures through the entire sample.   

In order to dose the PMMA thin film samples, 
a Mo-target x-ray source that operates at 50 kV and 
40 mA was utilized. The PMMA samples were at-
tached to IR cards and placed on a stainless steel 
plate to be hit by the ~25 keV x-ray beam for a dose 
rate of 0.8 Gy/s in room temperature conditions. 
Measurements taken up to this point have been ex-
ploratory, as many bounds of the experiment have to 

Figure 2. Example dynamic spectrum showing the Synchronous (A) 
and Asynchronous (B) Contour Maps. 
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be set in order to introduce a standard operating pro-
cedure. For example, in order to properly do a 2D-
COS experiment, the interval of external perturbation 
for each measurement taken must be the same. For 
example, a measurement would need to be taken 
100, 200, 300... etc. Gy, and that interval cannot 
change. The progress in the study thus far exudes 
change in the PMMA film that is believed to be 
caused by the radiation. 

 

SPECTRACORR SOFTWARE 

 

To perform 2D-COS on collected FTIR data, 
the Thermo Fisher software SpectraCorr was pur-
chased. It can easily and quickly translate a series of 
spectra into both synchronous and asynchronous 
spectra. The theory behind the calculations first in-
volves subtraction of the reference spectrum 𝑦̅(𝑣) 
(Equation 1) from the raw data, producing the dy-
namic spectrum, where j represents the quantitative 
measure of the external perturbation, and m repre-
sents the max number of external perturbation meas-
urements taken. 

                         𝑦̅(𝑣) = ∑
𝑦(𝑣,𝑡𝑗)

𝑚

𝑚
𝑗=1       (1) 

The synchronous correlation spectrum can then be 
calculated from the dynamic spectrum by  

     Φ(𝑣1, 𝑣2) =
1

1−𝑚
∑ 𝑦̃𝑗(𝑣1)
𝑚
𝑗=1 ∙ 𝑦̃𝑗(𝑣2)                      (2) 

While slightly more complicated, the asynchronous 
spectrum is calculated by  

      Ψ(𝑣1, 𝑣2) =
1

1−𝑚
∑ 𝑦̃𝑗(𝑣1)
𝑚
𝑗=1 ∙ 𝑧̃𝑗(𝑣2)                     (3) 

Where 𝑧̃𝑗(𝑣2) is the discrete orthogonal spectrum and 

defined as  

              𝑧̃𝑗(𝑣2) = ∑ 𝑁𝑗𝑘
𝑚
𝑘=1 ∙ 𝑦̃𝑘(𝑣2)                 (4) 

Njk is known as the Hilbert-Noda transfor-
mation matrix. This matrix term allows for an orthogo-
nal correlation to be created, which is just a cross-cor-
relation with the dynamic spectrum where the phase 
of each Fourier transform component is shifted by 
90°. This method has been observed to be much 
faster and more efficient than the previously used fast 
Fourier transform approach.11 

When the dynamic spectra is displayed for 
sample data included with the software (Figure 4), the 
user also has the opportunity to select the reference 
spectrum under the “Source” tab to be plotted against 
the correlation which can be seen above the dis-
played contour plot. The tabs above the plot allow for 
easy access and transition through the possible spec-
tra labeled as “Sync Correlation”, “Async Correlation”, 
and “Global Phase.” There are user-friendly ways of 
changing display options by right-clicking inside the 
plot display which allow the user to change from a 

Figure 4. Output display of synchronous spectrum from the SpectraCorr software. 
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color fill plot or a conventional contour plot, or both, 
depending on the user preference.  

A useful feature of SpectraCorr is the 3D dis-
play of the correlation that can be viewed on the up-
per-left side of the screen. On the right side of the dis-
play the correlation value can be seen. This value de-
fines the intensity of a signal, or showing the strength 
of a correlation. This value can also be used to calcu-
late a moving window plot, which plots the external 
perturbation levels against the overlay spectrum. 

 

RESULTS AND DISCUSSION 

 

One experiment that has been performed 
shows the FTIR spectrum of a sample of PMMA sub-
ject to a radiation dose from 0-12,000 Gy (Figure 5).  
For a normal study that utilizes 2D-COS, Noda rec-
ommends that the level of the perturbation be the 
same each time it is applied, but for this test, the level 
was changed as to cover a larger amount of dose in 
less time. For final, reportable data, a defined dose 
must be decided upon for each separate measure-
ment. Only the range of 500-1900 wavenumbers are 
displayed in Figure 5 because there were no other 
spectral changes observed throughout the rest of the 
spectrum. The main peaks of interest in this experi-
ment exist at ~1720 and 1140 cm-1, as the 1720 cm-1 

peak represents the C=O stretch and the 1140 cm-1 
peak represents the C-O-C stretch in PMMA. These 
spectral changes are summarized in Table 1.  

 

This overlay FTIR data was then input into 
the previously mentioned SpectraCorr software to ob-
tain both the synchronous and asynchronous contour 
maps. The zoomed-in synchronous spectrum with the 
same range as Figure 5 can be seen in Figure 6.  

 

Table 1. FTIR spectral change summary. 

FTIR Peak Absorbance at 0 Gy 
Absorbance at 

12,000 Gy 

C-O-C (1720 cm-1) 0.71 0.61 

C=O (1140 cm-1) 0.52 0.44 

 

What can immediately be seen are the two 
autopeaks on the diagonal and by looking at the 
wavenumbers on each axis, these autopeaks can be 
confirmed as the spectral changes seen from the 
C=O and C-O-C bonds. Cross peaks can readily be 
seen on the off-diagonal from the two autopeaks, 
meaning that these two spectral changes share some 
kind of correlation. Since the cross peaks are positive, 
this means each of these spectral changes are in-
creasing or decreasing together and since Table 1 
shows the peak intensity decreased during increased 
doses, it can be concluded that these two autopeaks 
are decreasing together throughout the degradation. 

The next step in this process would be to an-
alyze the asynchronous spectrum. Unfortunately, at 
this point in the study, there is no proper asynchro-
nous spectrum to analyze. The generated spectrum 
has too much noise which results from issues in the 
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Figure 5. Overlay FTIR spectra of PMMA from 0-12,000 Gy. 

Figure 6. Synchronous spectra of PMMA overlay data from 0-
12,000 Gy. 
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raw data (Figure 7). Because the asynchronous spec-
trum can identify so many tiny spectral changes which 
allows complex/overlapping bands to be separated, 
signals are being created for small changes in the 
background that are not actually spectral changes. 
Because of this, more work needs to be done to fur-
ther correct the raw data of the scans before they are 
run through the SpectraCorr software in order to ob-
tain a proper asynchronous spectrum and complete a 
full 2D-COS analysis.  

 Although a full analysis cannot yet be com-
pleted, a possible proposition can be made based on 
what has already been discussed. Since the C=O 
stretch and the C-O-C stretch appear to be decreas-
ing together as the amount of radiation increases, it 
appears the polymer may be breaking down via the 
carbonyl (Figure 3), possibly agreeing with the chain 
scission reported in the literature.  

 

FUTURE DIRECTIONS 

 

 As previously mentioned, the data collected in 
this study so far has been to finalize a standard oper-
ating procedure for this technique. The data taken has 
been to show the fact that PMMA is changing with re-
spect to radiation dose. The future scope of the pro-
ject will first deal with experimentally determining a 
proper dose amount for each time the PMMA film is 
dosed and measured. This will be decided on by ob-
serving the dose in which the film structurally shows 
changes and choosing a dose amount that can accu-
rately capture those moments of material change.  

 In order to account for the purchased film be-
ing too thick (50 µm), two alternatives are being con-
sidered. The first being to purchase a thicker sample 
and attempt to cut a 10 µm slice using a cryogenic mi-

crotone located at LANL. The other option is to syn-
thesize the film using a spin-coating technique. Alt-
hough this seems reasonable, it is preferred that the 
film be commercially purchased since that is more 
likely to be used in consumer products/parts.  

 The next step would be to then address the 
previously mentioned issue of data correction. The 
asynchronous spectrum is so sensitive to spectral 
changes that any noise in the background will trigger 
a signal, which is the issue with the asynchronous 
spectrum in Figure 7. Data normalization is a key is-
sue for this analytical technique, so more work with 
the raw data will need to be completed. 

 A 2D moving window plot will also be gener-
ated which plots the radiation dose vs. the overlay of 
the spectral changes. The correlation value that is dis-
played via the SpectraCorr software can be used to 
generate this plot which is useful because it deter-
mines the level of dose that the material changes oc-
cur at, not just that the material is changing.  

And finally, there are plans in place to use 
2D-COS to analyze PMMA degradation with different 
external perturbations such as temperature and hu-
midity. Measuring with different perturbations will al-
low for a more in-death understanding of the material 
itself and prove the worth of 2D-COS analysis.  

  

CONCLUSION 

 

 Polymer aging studies are extremely im-
portant because of the predictive nature they can ex-
pose about materials. But, because of some charac-
teristic flaws, these tests are not always reliable and 
can waste a lot of valuable time. 2D-COS has been 
observed to identify accelerated aging conditions in 
materials and could help save time and resources 
needed to run an aging study. In this paper, the pro-
gress of an experiment using 2D-COS to measure the 
degradation of PMMA with respect to x-ray radiation 
is described. Validating 2D-COS as a viable tool to 
confirm accelerated aging conditions would aid the 
Engineered Materials group at LANL for multiple stud-
ies in the future. To this point, it appears that PMMA 
may be degrading via main chain scission, which 
would agree with previously reported literature. More 
work needs to be done to draw final conclusions, in-
cluding developing a standard operating procedure 
and data cleaning.  
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