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Synopsis 

The subject of this paper is an infrared and liquid chromatographic characterization of 
epoxy molding compounds of importance in the microelectronic manufacturing industry. A 
complete infrared description of resin extracts from 4000 to 700 cm-l is given for three 
nondisclosed commercial extracts via comparisons with model epoxy cresol novolac and phenol 
formaldehyde novolac resins and by observing those spectral alterations affected during cure. 
In addition, both the molecular weight distributions and the methodology of obtaining such 
for the resin and hardener components of the extracts are described. These results are based 
upon reversed phase liquid chromatography and infrared spectroscopic measurements. The 
analysis described in this paper demonstrates significant differences among materials that, 
by chromatography alone, appear to have only subtle variations in both the resin and hardener 
molecular weight distributions. These differences include not only the quantity of resin or 
hardener of a particular oligomeric molecular weight, but also the apparent resin-to-hardener 
stoichiometry of the combined system. 

INTRODUCTION 

Thermosetting epoxy resin systems are becoming increasingly important 
in the packaging of integrated circuits. Consider, for example, the rapid 
evolution of formulations and the inclusion of fast-cure, low-stress, and low- 
a-particle systems in the range of products offered. Molding compounds 
used in electronic applications are typically based upon a silica-filled epoxy 
cresol novolac (ECNI-phenol formaldehyde novolac (PFN)-tertiary amine 
system. These systems are modified based upon the needs of the user to 
include such additives as mold release agents, flame retardants, diluents, 
and dyes. The complexity, rapid evolution of formulations, and failures 
associated with field service place an increasing amount of importance upon 
understanding basic structure-property relationships in these systems by 
the end user. 

Such properties of a thermosetting epoxy resin system as resin-hardener 
stoichiometry, resin and hardener molecular weight distributions, catalyst 
chemistry, and catalyst concentration are known to affect both the curing 
kinetics and the microstructure of the final product. l-l0 There is, however, 
a paucity of information available on studies of the aforementioned nature 
and chemical characterizations in the ECN-PFN-tertiary amine system. It 
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is therefore, the intent of this paper to address the subject of the physical 
and chemical characterization of molding compound resin systems which 
is the first step in a study aimed at establishing structure-property rela- 
tionships in this commercially important system. 

Experimental 

Standards of an  epoxy cresol novolac and a phenol formaldehyde novolac 
were supplied by Ciba-Geigy (ECN12731, and Schenectady Chemicals 
(HRJ11661, respectively. Commercially available molding compound resins 
will be designated as resin system A, resin system B, and resin system C 
rather than by their manufacturer's product number. The resins were ex- 
tracted from the B-staged pellets using tetrahydrofuran (THF) and filtered 
through a 0.2-pm acetate filter. 

Infrared spectra were measured on a Digilab FTS-2OC Fourier transform 
infrared spectrophotometer (IRS) equipped with a broad-band MCT detector 
and a KBr beamsplitter. Signal-averaged spectra of 250 or 2500 scans at 4 
cm - l  resolution were recorded via attenuated total reflection techniques 
using one or two attachments. (The smaller number of scans corresponds 
to experiments on standards; the larger number corresponds to experiments 
on liquid chromatographic fractions.) Determination of extinction coeffi- 
cients were performed using a variable angle 4 x beam condensing attach- 
ment; examination of LC fractions was accomplished with a horizontal IRS 
attachment (both supplied by Harrick Scientific). In both cases, a germa- 
nium IRE was employed. 

The liquid chromatography was accomplished using two systems. The 
bulk of the work was done on a Waters Associates high-pressure LC system 
equipped with two iOdel 6000 pumps, a 660 solvent programmer, a 440 
ultraviolet (UV) absorbance detector, and a UK6 injector. Additional chro- 
matograms were collected and quantified using a Spectra Physics system 
composed of a SP8700 solvent delivery system, a SP4200 computing inte- 
grator, and an  SP8440 XR variable-wavelength UV detector interfaced to 
an  IBM XT computer. Separations were obtained using a linear water/THF 
gradient, and a reversed phase p-Bondapak C-18 column supplied by Waters 
Associates. The solvent began at 20% THF to 80% water and was pro- 
grammed to alter the solvent composition by increasing the percentage THF 
at a rate of 0.5% min-'. The system flow rate was 2.0 ml/min, and detection 
was at 280 nm. 

UV spectra were recorded on a Perkin Elmer Lambda 5 UV/VIS spec- 
trophotometer interfaced to a Perkin Elmer 3600 data station. During the 
determination of molar extinction coefficients, 10-mm pathlength cells were 
used. 

Results and Discussion 

It is known that reversed phase liquid chromatography will separate 
chemical species based upon differences in the hydrophobic parts of the 
molecule. l1 This separation depends upon the relative solubility and dis- 
tribution of the solute between the mobile and bonded phases. In addition 
to this chemical effect, in a reversed phase experiment the oligomers will 
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Fig. 1. Liquid chromatograms of resin systems A, B, and C. 

also be separated based upon oligomeric molecular weight. 11,12 Generally, 
as the oligomeric molecular weight increases, the retention time of the 
eluting species increases. l2 The chromatograms of extracts from systems 
A, B, and C are shown in Figure 1. Each peak in C is duplicated in B; 
however, differences in peak intensities are apparent. The chromatogram 
of the extract of system A is dramatically different in that the apparent 
distribution is clearly shifted toward higher oligomeric molecular weights. 
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Fig. 2. The infrared spectra of an LC fraction of sample C eluting at  66.3 min 
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Fig. 3. The infrared spectra of an LC fraction of sample eluting at 42.1 min. 

It was of interest in these systems to define the molecular weight distri- 
bution (MWD) of both the ECN and PFN resins present. Prior to specifying 
these distributions, it was necessary to first examine the chemical makeup 
of those peaks defining the chromatograms. 

The infrared spectra for each of the collected fractions of samples A, B, 
and C collected had one of two general appearances. Examples of these two 
types of spectra are given in Figures 2 and 3. Figure 2 is the spectrum of 
a fraction of sample C eluting late in the chromatogram (retention time = 
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Fig. 4. The infrared spectra of Ciba-Geigy ECN1273. 
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Fig. 5. The infrared spectra of Schenectady chemicals PFN resin HRJ1166. 

66.3 min); Figure 3 represents a peak eluting early (retention time = 42.1 
min). The spectrum of the ECN standard is given in Figure 4. There is a 
close resemblance to the spectrum of Figure 2. The spectrum of the PFN 
standard is given in Figure 5, and its resemblance to the spectrum of Figure 
3 should be noted. There are peaks in Figures 2 and 3 that do not appear 
in the spectra of the corresponding matching standard, in particular the 
absorbance at 1169 cm-I in Figure 2 and the peaks at 1130 and 976 cm-' 
in Figure 3. The reason for this discrepancy is that each of the LC fractions 
consists of a mixture of ECN and PFN components. This can be verified by 
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Fig. 6. Summation spectra of ECN 1273 + PFN HRJ1166. Weighting factor for the PFN 
component is 0.5 times that for the ECN component. 
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examining the summation spectrum in Figure 6. In this spectrum the stan- 
dards are summed, with the PFN component receiving 0.5 times the weight 
of the ECN standard. The complete duplication of the spectrum in Figure 
2 can now be observed. A similar reconstruction of the spectrum in Figure 
3 occurs upon manipulation of the weighting factor. It is interesting to note 
that the chromatography does not separate the ECN and PFN components 
based upon differences in the substituents attached to the backbone aro- 
matic ring, but rather is based upon differences in the oligomeric molecular 
weight. This complicates a description of the MWD of these components in 
molding compound formulations. 

Infrared Peak Assignments 

During the chemical characterization of molding compounds, it is of in- 
terest to make peak assignments based upon (1) an examination of the 
materials prior to curing, (2) an examination of the materials both during 
and following cure, and (3) a comparison with suitable standards. This has 
been accomplished for resin systems A, B, and C over the spectral range 
from 4000 to 700 cmp1.9J0J3 It is important to note that the major peaks 
given spectral assignments are identical in each of the resin systems studied. 

Figure 7 is a schematic representation of the structural changes effected 
in both the ECN and PFN resin components during cure in the presence 
of a tertiary amine. It can be seen that the major spectral features expected 
before cure can be listed as 

OH 1 OH 

OH OH 
I 

OCHzCHCH2-0 O C H Z C H C H ~  OCH2CHCH2-0  

Fig. 7. Schematic representation of the reaction between an epoxy cresol novolac and a 
phenol formaldehyde novolac in the presence of a tertiary amine. 
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1). Trisubstituted aromatic with glycidal group (end group of ECN) 
2). Tetrasubstituted aromatic with glycidal group (internal groups of 

3). Disubstituted phenolic (PFN end group) 
4). Trisubstituted phenolic (internal PFN groups) 
5).  Aryl-alkyl ether linkages 
6). Epoxide group 
7). Phenyl group 
8). Phenolic hydroxyl (both free and H-bonded) 
9). Ether methylene 

10). Epoxide methylene 
11). Epoxide -CH- 
12). Cresylic methyl 
13). Novolac methylene 
14). Tertiary amine 

ECN) 

Following cure we can expect a number of spectral alterations. These in- 
clude 

1). Increased aryl-alkyl ether 
2). Increased alkyl hydroxyl (glycidal hydroxyl) 
3). Decreasing or shifting phenolic hydroxyl (2 and 3-substituted) 
4). Decreasing epoxide 
5). Decreasing H-bonded hydroxyls 
6). Decreasing amine bands due to catalyst complexation 

In Table I, spectral alterations effected by system curing are listed in terms 
of an intensity increase or decrease. These changes are identical for each 
of the resin systems A, B, and C. Peak assignments are given in Table 11. 
A convenient means for discussing these assignments is based upon the 
funcionality responsible for the absorbance, as well as upon the spectral 
region where the absorbance occurs. 

In all unreacted materials a broad absorbance centered about 3350 cm -l 
was assigned to H-bonded hydroxyls. This band shifted to approximately 
3575 cm -' and decreased significantly in intensity following cure. This shift 
is indicative of a decrease in the free hydroxyl associated with the PFN 
hardener before cure, and an increase in the restricted mobility alkyl hy- 
droxyls associated with the glycidal group following cure. 

The region 3100-2800 cm-' contains the well-known CH stretching 
modes u. The epoxide methylene u (3005 cm-') decreases as expected fol- 
lowing cure, but that for the ether methylene increases (2925 cm-'1. A new 
peak at 3025 cm-' appears following cure and is attributed to the cured 
epoxy (CH-OH) C H  u. A peak at 3057 cm-' becomes resolved following 
cure and is assigned to the aromatic CH stretching vibration. The assym- 
metric and symmetrical methyl CH u vibrations are assigned at 2956 and 
2878 cm-' respectively; the out-of-phase methylene CH u is assigned at 
2842 cm-'. Other expected absorbances, such as =GO-CH,, CH, u (in 
phase), are obscured by the strength of the above bands. 

The four peaks at 1611, 1595, 1504, and 1456 cm-l are assigned to the 
characteristic combined stretching and deformation aromatic C =C bands. 

The spectral region between 1500 and 1300 cm-' contains absorbances 
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TABLE I 
Intensity Changes Following the curing of Epoxy Molding Compounds 

Uncured peak 
(crn-') 

Cured peak 
(cm 

Intensity 
change 

- 
3005 
2925 
1595 
1504 
1438 
1360 
1341 
1256 

1230 
1210 
1170 
1130 
1103 
1086 
1067 
1049 

91 1 
833 

- 

- 

Increase 
Decrease 
Increase 
Decrease 
Increase 
Decrease 
Decrease 
Decrease 
Decrease 
Increase 
Decrease 
Increase 
Decrease 
Increase 
Increase 
Decrease 
Decrease 
Decrease 
Increase 
Decrease 
Decrease 

related to the deformation 6 modes of the alkyl C-H band. Higher frequency 
bands are present for the aromatic CH 6 peaks. The characteristic sym- 
metrical and asymmetric methyl CH 6 attributed to the cresol novolac 
C-CH3 species are assigned at 1378 and 1475 cm-', respectively. The de- 
formation vibrations of the epoxy -CH- and methylene groups are assigned 
at 1438 and 1341 cm-', and as can be seen in Table I these vibrations 
decrease in intensity following cure. The remaining CH 6 modes are the 
novolac methylene (1456 cm -'I, the ether methylene (1323 cm-'1, the epox- 
ide ether (1421 cm-'), and the aromatic bands at 1289,1017,972,888,860, 
and 816 cm -'. 

The broad spectral range between 1400 and 800 cm-' contains those 
vibrations arising within the carbon-oxygen and hydroxyl bonds. The aryl- 
alkyl ether (=C-0) C-0 u, and the aryl-alkyl ether (CH2-O) GO u vibrations 
are assigned at 1210 and 1130 cm -l, respectively. These absorbances both 
increase in intensity, as expected, following cure. The aryl ether C-0 u is 
assigned at 1256 cm-'. An increase in this band is obscured because of the 
overlap of the epoxide C-0-C (1256 cm -l), which decreases following cure. 
The ether linkages resulting from the strained epoxy ring have absorbances 
assigned at  1256,1086,911, and 833 cm-l. These bands decrease following 
cure. The presence of alcohols can give rise to both C-0 u as well as to OH 
6 in this region. The phenolic OH 6 is assigned at 1360 cm-' and is observed 
to decrease following cure. The peak appearing at 1240 cm-' following cure 
is assigned to the alkyl hydroxyl species. The phenol GO u frequencies are 
assigned at 1230,1170, and 1103 cm-'. These assignments are based upon 
examination of the model compounds, as well as the intensity variations 
seen during curing. The peak at 1103 cm-' is obscured during cure because 
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TABLE I1 
Peak Assignments for Resin Systems A, B, and C 

Peak Dosition (cm-') Assignment 

3575 
3350 
3057 
3025 
3005 
2956 
2924 

2878 
2842 
1611 

1595 

1512 
1504 

1475 
1456 

1438 

1421 
1378 
1360 
1341 
1323 
1289 
1256 
1240 
1230 
1210 
1170 
1130 
1103 

1086 
1067 
1049 
1041 

1017, 972 
911 

888,860,816 
833 
757 

Free hydroxyl, OH v 
H-bonded hydroxyl, OH v 
Aromatic CH v 
Cured epoxy CH-OH, CH v 
Epoxide methylene, -CH2-, CH v 
Methyl CH v , ~  
Ether methylene O-CH2, CH v (in 

Methyl CH vSym 
Methylene CH v (out of phase) 
Aromatic skeletal ring breathing v 

Aromatic skeletal ring breathing v 

phase) 

(1600 cm-' band) 

(2d of 1600 cm-' degenerate 
pair) 

Phenyl CsHs 
Aromatic skeletal ring breathing v 

Methyl W H 3 ,  CH 6 -  
Methylene CH2 6; Aromatic skele- 

tal ring breathing v (1450 cm -' 
band) 

GO v 

(1525-1475 cm-' band) 

Epoxide -CH-, CH 6; epoxide 

Epoxide ether CH-0, CH 6 
Methyl W H 3 ,  CH 6,, 
Phenol OH 6 (in plane) 
Epoxide methylene, -CH2-, CH 6 
Ether methylene CH 6 
Epoxy aromatic CH 6 
Epoxide CO-C; aryl ether GO v 
Alkyl hydroxyl OH 6 
Phenol G O  v 
Aryl-alkyl ether =GO, GO v 
Phenol C-0 v 
Aryl-Alkyl ether, CH2-0, GO v 
Phenol GO v; secondary alkyl alco- 

hol GO v 
Epoxide GO-C 
Tertiary amine C N  v 
Possible amine band 
Secondary alkyl alcohol GO v 
Epoxy aromatic CH 6 (in plane) 
Epoxide CO-C 
Out-of-plane aromatic CH 6 
Epoxide GO-C 
-CH2 - skeletal vibration 

of the increasing alkyl alcohol GO v assigned at the same location. This 
secondary alkyl alcohol is also observed to exhibit an absorbance located 
at 1041 cm-'. 

The bands present at 1067 and 1049 cm -l  appear to be due to the presence 
of the tertiary amine catalyst. Observation of standards and curing behavior 
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Fig. 8. Effect of cure on the 1100-1000 cm-' region. The asterisk denotes the absorbance 
attributed to the tertiary amine. 

support these assignments. 1 4 ~ ~  These bands were absent in the standards, 
and their behavior during cure is shown in Figure 8. The spectra in Figure 
8 were recorded in a heated transmission IR cell. The peaks of interest 
decrease very easly in the reaction (Fig. 8b), followed by a broadening of 
the peak centered about 1018 cm-'. This broadening is ascribed to the 
increase in the secondary akyl alcohol C-0 u. 

Molecular Weight Distributions: ECN and PFN Resins 

Molar Extinction Coefficients of the ECN and PFN Resins at  280 nm. 

The detection of species eluting from the C-18 column was performed via 
UV absorbance measurements at 280 nm. Generally, as the oligomeric 
molecular weight of an eluting species increases, its retention time will 
increase. l2 Ideally, therefore, if the chromatographic separation were com- 
plete, the chromatogram would accurately describe the MWD. Since each 
of the peaks in the chromatograms represent a mixture of both ECN and 
PFN components, different molar extinction coefficients for these compo- 
nents will result in unequal contributions of each to the total UV absorbance 
of a given peak, Azm. This can be expressed by 

(1) AzN = I [ E L  X C ,  + E ;  Y C , ]  

where 1 = optical path length of the detector cell 
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E ' ,  = molar extinction coefficient of the ECN resin at 280 nm 
E',, = molar extinction coefficient of the PFN resin at 280 nm 
X = percentage of ECN in the total concentration eluting 
Y = percentage of PFN in the total concentration eluting 

C ,  = total concentration eluting for a given peak 
As can easily be seen, the component percentages and molar extinction 
coefficients serve to determine the overall absorbance for a given peak. 
Since the component percentages vary from peak to peak, one must specify 
the contributions of the ECN and PFN oligomers to the total absorbance 
for each peak in order to specify the MWD. 

Standards of the ECN and PFN resins were used to measure the molar 
extinction coefficients at 280 nm. The extinction coefficients are given by 

where E' is in units of (mol-cm/L)-', and c is the standard solution con- 
centration. A plot of A, versus c will have a slope equal to E'I if Beer's 
law is valid (i.e., if the plot is linear). Regression analysis of data collect- 
ed between concentrations of 1 x weight percent and 5 x lop5 
weight percent is given in Table I11 as a function of solvent composition. 
The correlation coefficients describe the linearity of each plot. The ex- 
tinction coefficient as calculated from the slope after converting concen- 
tration in weight percent to moles/liter is given in Table IV as a 
function of solvent composition. It is evident from Table IV that the ex- 
tinction coefficients are a function of solvent composition. In general, as 
the solvent power increases (i.e., percentage water decreases) the extinc- 
tion coefficient increases for both the ECN and PFN resins. Our experi- 
ments utilize a linear gradient in solvent composition ranging between 
the extremes of 20:80 H20-THF and 80:20 H20-THF. Therefore, in order 
to calculate the correct contribution of a given peak to the total absorb- 
ance it is necessary to compensate for this varying extinction coefficient. 
The value of E ' ,  does not change between 20 and 50% water. Thereafter, 

decreases in a linear fashion according to 

E ' ,  = -2.68(%H20) + 237.16 (3) 

with R = -0.984. The value of E ' ~  is unchanging between 20 and 40% 
water. Thereafter it decreases according to 

= -4.IO(%HZO) + 449.31 (4) 

with R = -0.951. 

Percentage Contributions of ECN and PFN Oligomers 
to Chromatography Fractions. 

The weight percents of ECN and PFN oligomers as described by the 
variables X and Y of eq. (1) were measured via FTIR spectroscopy coupled 
with the technique of attenuated total internal reflection. The infrared 
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TABLE I11 
Results of Linear Regression Analysis for Am vs C as a Function of Solvent Composition 

Solvent Composition 

Resin %HzO %THF Slope Intercept R 

ECN 1273 20 80 54.76 0.0032 0.9946 
ECN 1273 40 60 59.59 0.0026 0.995 
ECN 1273 50 50 54.78 O.ooo6  0.998 
ECN 1273 60 40 47.39 0.0017 0.971 
ECN 1273 70 30 29.23 -0.0007 0.996 
ECN 1273 80 20 10.26 0.0008 0.988 
HRJ 1166 20 80 244.25 0.0011 0.9985 
HRJ 1166 40 60 259.87 0.002 0.999 
HRJ 1166 50 50 228.58 0.0002 0.997 
HFLJ 1166 60 40 217.35 0.0016 0.999 
HRJ 1166 70 30 124.92 0.0105 0.955 
HRJ 1166 80 20 120.26 0.0020 0.996 

absorbance of the ECN and PFN resins at a given wavelength, AA can be 
expressed as 

where E A  is the molar extinction coefficient of the ECN or PFN resin at a 
wavelength A, I is the IR cell pathlength, and c is the concentration of 
absorbing species. In order to quantify the composition of a thin film de- 
posited from a LC fraction solution upon an internal reflection element, it 
was necessary to measure E for both the ECN and PFN resin standards. 
This was accomplished using a variable-angle 4 x beam condensing attach- 
ment and germanium internal reflection elements (IRE). The interaction 
of an incoming and reflected IR beam experiencing total internal reflection 
is such that a standing wave, that is, continuous across the interface sep- 
arating the sample and the IRE, is established. The depth of penetration 

TABLE IV 
Molar Extinction Coefficients for ECN and PFN Resins at 280 nm as a Function 

of Solvent Composition 

Molar Extinction 
Coefficient 

Resin %HzO %THF (mol cm/l)  x lo-' 
Solvent Composition 

ECN 1273 
ECN 1273 
ECN 1273 
ECN 1273 
ECN 1273 
ECN 1273 
HRJ 1166 
HRJ 1166 
HRJ 1166 
HRJ 1166 
HRJ 1166 
HRJ 1166 

20 
40 
50 
60 
70 
80 
20 
40 
50 
60 
70 
80 

80 
60 
50 
40 
30 
20 
80 
60 
50 
40 
30 
20 

0.9730 
1.0548 
0.9696 
0.8388 
0.5174 
0.1820 
2.6135 
2.7806 
2.4460 
2.3256 
1.3367 
1.2870 
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of this evanescent wave d,, defined as the distance required for the electric 
field amplitude to fall to e -l of its value at the surface, is given by 

hlnl 
2.rr [ sin2 6 - (n2/n1)210.5 dp = 

where n, and n2 are the indices of refraction of the denser and rarer 
medium, respectively, and 0 is the internal angle of incidence. One can 
therefore vary the depth of penetration of the sampling radiation by altering 
8 or by changing the ratio n21nl. Altering d, is analogous to changing 
concentration, thus E can be determined from an experiment where 8 is 
varied. The wavelengths of 1170 and 1130 cm-' were chosen as represen- 
tative of the PFN and ECN resins respectively (see Table 111, and d, was 
calculated considering the use of Ge IRE of differing entrance aperture 
angles. A correction was applied in those cases in which nonnormality of 
the incident IR beam to the entrance aperture results in reflection losses. 

Equation (5) can be altered to re-express the absorbance by 

A ,  = N d ,  E (7) 

where N is given by 

(8) 
L N = - cot 0 t 

and represents the number of internal reflections in an IRE of length L 
and thickness t .  In eq. (7) the product of the path length and concentration 
has been replaced by the number of internal reflections multiplied by d,. 
We are not, therefore, calculating a molar extinction coefficient given in 
units of (mol-cm/L)-'. We are calculating a quantity with units of cm-l. 
However, both effectively represent a concentrationdependent function 
(since the film thickness )%,I. The value measured in cm-l can thus be 
used to calculate component percentages, since it will provide an equivalent 
weighting function. Using data collected with the ECN and PFN standards, 
we can calculate ee and eP from the slopes of absorbance versus d, plots. 
These results are given in Table V. The percentage ECN and PFN can now 
be evaluated from 

ECN and PFN Resin MWD for Resin Systems A, B, and C. 
The variables e le ,  e l P ,  X ,  and Y ,  which allow us to calculate the contri- 

bution of a given LC peak to the total UV absorbance A 280, have been given. 
We can substitute for the measured absorbance of a given peak at 280 nm 
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TABLE V 
Extinction Coefficient for the Epoxy Cresol Novalac (ECN 1273) and Phenol Formaldehyde 

Novalac (HRJ 1166) Resins 
~~ 

Resin E Correlation coefficient 

ECN 1273 
HRJ 1166 

2.41 
0.78 

0.999 
0.841 

a value normalized to the total UV absorbance A’zm. Equation (1) can now 
be rewritten to yield 

A ’280 C -  
- l[(~’,X/177) + ( E ’ ~  Y/107)] (11) 

C, is given in units of g/Liter instead of mol/Liter since we have divided 
the quantities EP and E ~ Y  by the appropriate conversion factors (i.e., 177 
g/Eq of ECN and 107 g/Eq of PFN). Plotting C,/ZC, versus ART will now 
yield the molecular weight distribution of the ECN and PFN combined. 
These values can be separated simply by plotting XC,IZC, and YC,/ZC, 
as a function of ART. ART is the difference in retention times between a 
given peak and the first major peak to elute in these systems. Comparison 
of XC,/ZC, and YC,/BC, versus ART for the different samples therefore 
allows a direct comparison of the MWD. 

The results for resin systems A, B, and C are given in Figures 9, 10, and 
11. The overall distribution of oligomers as shown in Figure 9 demonstrates 
significant differences among the materials examined. In particular, resin 
C shows a rather even distribution of oligomeric molecular weights as one 
progresses from low MW (small ART) toward higher MW (longer ART). 
Resin B illustrates a decrease in the lower MW oligomers, with a concom- 
itant increase in the moderately high MW oligomers with ART between 30 
and 40 min. Oligomers eluting at ART > 45 min are largely absent in this 
material. Resin A demonstrates a dramatic difference from the others. 

16 

14 

j 12 

I5 10 

I - 

0 5 10 15 20 25 30 35 40 45 50 55 

ART (min) 

Fig. 9. MWD for the combined resin systems of the samples investigated 
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Fig. 10. MWD for the ECN components of the systems examined. 

Material eluting with ART < 10 min is completely absent, and the total 
distribution is shifted heavily toward the highest MW observed. An ex- 
amination of the ECN and PFN component distributions further highlights 
differences in these materials. The epoxy components in resin system C are 
evenly distributed between ART of 15 and 55 min. The bulk of the epoxy 
components in resin system B reside in the ART range between 30 and 40 
min. Once again resin system A has its emphasis at the highest MW values 
observed. The PFN resin components also show some interesting variations 
among these materials. Resin C places primary importance upon the lowest 
MW oligomers. Resin B also shows a distribution favoring lower MW oli- 
gomers, and for the most part ignores those oligomers with ART > 35 min. 
The distribution measured in resin A is centered about 25 min with a 
complete absence of materials with ART < 10 min. 

One can, from the raw data used in the construction of the above plots, 
derive the stoichiometric ratios of ECN to PFN in the three systems of 
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Fig. 11. MWD for the PFN components of the systems investigated. 
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interest. The contributuion of the epoxy to the stoichiometry will be Z(XC,/ 
ZC,), and that of the phenolic hardener is Z(YC,/ZC,) .  The values so cal- 
culated are given in Table VI along with those values measured with the 
resin extracts via IR spectroscopy. The difference between resin system A 
and the others is noteworthy. 

The results presented here demonstrate significant differences in both 
the resin and hardener molecular weight distributions, as well as the ap- 
parent resin-hardener stoichiometry. Let us briefly address these issues. 

A distribution of molecular weights in the prepolymer should affect the 
cross-link density in the final network. In fact, a broadening of the transition 
region in cured epoxies has qualitatively been attributed to this effect.16 
Misra et al. have examined the effects of cross-link density and cross-link 
density distribution upon a number of properties that determine the en- 
gineering behavior of high-T, epoxies. In particular, a distribution in the 
molecular weights between cross-links M,, was found to affect T,, the slope 
of the transition region at T,, the height and breadth of tan 6 ,  and the 
characteristic creep time. The rubbery modulus, soluble content, ratio, den- 
sity, and transition were all found to be influenced by the value of M,, but 
not its distribution. 

An interesting model was proposed by Misra et a1.2 to explain the mor- 
phological and mechanical differences observed in primary amine-cured 
DGEBA resins as a function of stoichiometry. Basically, small primary 
microgels are formed prior to the onset of gelation. These primary particles 
exhibit a distribution of sizes depending upon epoxy-hardener stoichiome- 
try. After a certain concentration has been achieved, these primary particles 
agglomerate, via loose linkages, to form secondary microgels. The number 
of primary particles forming a secondary nucleus will determine both the 
size and coherence of the secondary particle. Thus, there will also be a 
distribution in the sizes of the secondary microgels that is intimately related 
to the original stoichiometry. At a critical concentration of secondary mi- 
crogels, the experimental gel point is reached. At this point a phase inver- 
sion occurs, and the unreacted or partially reacted species become the 
dispersed phase within which further reaction occurs. It was proposed that 
the coherence of the final network depends strongly upon the linkages 
between the secondary microgels, a property that is strongly influenced by 
stoichiometry . 

Hagnauer et al.1 examined the effect of stoichiometry upon the curing 
behavior of a TGMDA-DDS epoxy system using gel permeation chroma- 

TABLE VI 
Stoichiometric Ratios of Epoxy to Phenolic Hardener for the Materials Examineda 

Epoxy-hardener stoichiometry 

Material LC fractions (IR) Starting material (IR) 
~~~~ ~ 

Resin system A 1:1.44 - 
Resin system B 1:1.30 1:1.55 
Resin system C 1:3.06 1:2.84 

a Values are defined in mol/L. 
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tography (GPC) and differential scanning calorimetry (DSC). They observed 
that increasing the epoxy-amine equivalent ratio decreased the rate of re- 
action, lowered the degree of conversion at the gel point, increased the 
extent of cross-linking, and led to higher final extents of reaction. 

Keenan and Seferis17 examined the effects of moisture and stoichiometry 
upon the dynamic mechanical properties of a DDScured TGDDM epoxy. 
The a transition was strongly influenced by the amount of DDS used. The 
low-temperature f l  transition was dependent upon moisture content, shift- 
ing to lower temperatures with increasing moisture. This shift was increased 
with increasing amounts of DDS. The o transition was strongly dependent 
upon moisture content, and the mechanism assumed responsible for this 
transition supported the idea that moisture was preferentially absorbed in 
regions of low cross-link density. The cross-link density is of course inti- 
mately related to the stoichiometry. 

Additional references can be found in the literature concerning the effects 
of stoichiometry and prepolymer structure. 20,21 However, there is very 
little published on the system of interest in this study. Let it suffice to say 
that the molecular weight distributions of both the epoxy cresol novolac 
and the phenol formaldehyde novolac, as well as the stoichiometry of these 
components in the systems of interest, should play a major role in deter- 
mining the properties of the cured system. It is the intent of future work 
within our laboratory to address the effect of the above-mentioned variables 
upon both high-pressure and ambient pressure reaction kinetics in filled 
ECN-PFN-tertiary amine systems. An understanding of system chemistry 
and reactivity will be complemented by the elucidation of structure-property 
relationships as determined via dynamic mechanical properties. One could 
from a study of this nature hope to approach our goal of linking material 
chemistry and properties with service behavior in these systems. 

Conclusions 

Infrared spectroscopy allows a complete chemical description of the resin 
systems studied; however, it does not offer a means of discriminating dif- 
ferences between systems in the fully cured state. Peak assignments are 
offered for the systems studied over the spectral range from 4000 to 700 
cm-'. 

Each of the fractions separated during a reversed phase LC experiment, 
using the conditions cited in this paper, is a mixture of ECN and PFN resin 
components. This highly complicates an analysis of MWD. 

The MWD can be determined in full utilizing a combination of techniques. 
These include liquid chromatography, Fourier transform infrared spec- 
troscopy, and UV spectroscopy. An analysis of the type described herein 
will yield the weight percentage of the component of interest as a function 
of retention time, thereby completely describing the MWD. The overall 
distribution of molecular weights shifts toward oligomers of higher molec- 
ular weight as we progress in sequence from system C to A. Differences 
among the systems examined are also obvious if one examines the MWD 
of the ECN and PFN components, as well as the apparent ECN-PFN stoi- 
chiometry. 
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