
















tion, this indicates that the reaction at that site is expected to 
be low. 

A legitimate question might be raised at this point regard
ing making comparisons based on the frontier density of 
different types of atoms. It is certainly possible that the differ
ence in how a radical would interact at atoms as different as 
oxygen and hydrogen may have an influence on rate. It would 
be more meaningful to restrict the comparisons to the same 
type of atoms since they would be more likely to follow similar 
mechanistic pathways. However, even limiting the compari
son to the hydrogen atoms, it is still clear that the beta 
hydrogen is by no means the one most susceptible to abstrac
tion. The methylene (CHz) hydrogens adjacent to the sp3 
oxygen atom, which are common to both MPD and NG 
esters, have significantly greater frontier density. 

Comparing the pictorial representations and the tabulated 
densities also illustrate the importance of the HOMO and 
LUMO in the overall frontier density and at the same time 
show that other orbitals cannot be completely ignored. Even 
though the HOMO and LUMO coefficients at the beta hy
drogen are zero, the overall frontier density indicates the 
tertiary hydrogen to be more reactive than primary. This 
difference can be seen to arise from the molecular orbital 
immediately below the HOMO (HOMO-I, Figure 18) where 
the beta hydrogen has a fairly large nonzero coefficient. How
ever, the HOMO coefficients at the alpha (methylene) hy
drogens still have the predominant influence. That reactivity 
is predicted to occur here preferentially is also shown on the 
density contour (Figures 16 and 17). Therefore, the behavior 
of polyesters prepared from the two esters should not be 
expected to be that different. 

For a final comparison, we thought it would be interesting 
to do a similar calculation on an ester of diethylene glycol 
(DEG), a compound whose coatings are known to weather 
poorly. Although the hydrophilic nature of the polyol is no 
doubt a factor in its performance, it will be seen that its 
oxidative stability is also predicted to be less than MPD or 
NG. 

One difficulty arises here, however. As the number of 
atoms in a molecule increases, the absolute frontier value at a 
particular site tends to drop. Therefore, comparing reactivity 
using frontier densities of two molecules with large size differ
ences is less straightforward. T his difficulty can be avoided by 
selecting a site common to all molecules and scaling all values 
to the frontier density at that site. As long as nearest and 
next-nearest neighboring groups are the same, the reactivity 
of identical groups should be very close. In th is way, the 
frontier densities on different molecules can be compared 
even if the number of atoms differs considerably. 

In the model esters used here, the group common to all is 
the hydrogen atoms at the acetate group. By averaging and 
standardizing all values of the acetate hydrogens, and then 
scaling all values to where the beta hydrogen of MPD is taken 
to be 1.0, the relative densities of Table 5 were derived. Here it 
clearly shows the ether hydrogens of DEG are significantly 
more susceptible to radical attack and again, the susceptibility 
of the beta hydrogen is relatively low. 

FMO Calculations-Conclusions 

The conclusion from the frontier analysis is that the beta 
hydrogen of MPD, although more reactive than a primary 
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Figure 76-Froniter denSity contour map of 
MPD diaceta te (isosurface density: O.02e-/A3). 

Table 5-Comparison of Relative Frontier Densities for Selected 
Hydrogen Atoms of MPG, NG, and DEG Esters 

Frontier Density (Electrons)/Hydrogen 

Diol CH2 Ether CH2 Ester CH3 Acetate 

MPD" .. " ... " .. .... . 
NG""""""" .. .. .... ,,.-
DEG " .. " .... " .. " .. ..... 7.84 

2.87 
2.34 
1.81 

Beta (MPD) = 1.0 

0.15 
0.14 
0.14 

Figure 7 7-Frontier density contour map of NG 
diaceta te (isosurface denSity: O.02e-/A3). 

Figure 7 8- HOMO- 7 for MPD diacetate. 
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hydrocarbon hydrogen, should not be considered a priori the 
weak link in an oxidative decomposition pathway for the 
polyester structure. Sites common to other aliphatic polyes
ters are predicted to be more susceptible to rad ical degrada
tion. This is fully consistent with the results of the experimen
tal weathering trials which show th at an optimized coating 
will not be unusually prone to weathering because MPD is 
substituted for NG. 

SUMMARY 

As a result of unexpected accelerated weathering data, we 
sought to better understand the fundamenta ls of the 
degradative processes that impact polyester coatings. We ulti
mately used FMOC to help in this investigation and, as a 
result, we developed some fresh insights into the mechanisms 
of polyester environmental decay. 

We believe the predominant degradative process is oxida
tion by free radical chain propagation mechanisms. UV light 
can initiate this degradative process by cleaving carbon-car
bon bonds or peroxide bonds, but it is the relative lability of 
different carbon-hydrogen bonds that impacts the propaga
t ion rate and ultimate rate of damage to a polyester film. 
Among polyesters, the FMOC analysis clearly indicates that 
the carbon-hydrogen bonds adjacent to the ester links are the 
most vulnerable to oxidate attack. That is, the oxidative weak 
links are the alpha hydrogens on the diol. 

Thus, FMOC would predict that only minor differences in 
polyester weatherability would be observed if NG was re
placed with MPD. Any differences would probably be due to 
changes in hydrophobicity and glass transition temperature of 
the final coating. The accelerated testing results correlate 
well with these predictions. 
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With this good correlation between experimental evidence 
and theoretical computations, we have a stronger insight into 
the controlling mechanisms of polyester degradation. We 
hope that this added insight into degradative processes can be 
productively applied to other polyester resins, as well as coat
ings with very different binder systems. FMOC methodology 
has proven to be a valuable asset in building a stronger con
ceptual framework of polymer degradation and, as such, can 
be a valuable tool in future weathering studies. 
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