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ABSTRACT: A near-IR spectroscopic technique for cure characterization of unsaturated polyester resin
has been developed, first by using model compound mixtures to identify and quantify various reactions
and then by applying these quantification techniques to the resin, with IR spectroscopy as a complementary
technique. Analysis of NIR spectra of model compound mixtures (styrene/ethylbenzene, diethyl fumarate/
diethyl succinate) showed that the integrated peak areas at 1629 and 2087 nm could be used to quantify
the changes in the concentration of styrene and vinylene CdC bonds in the unsaturated polyester resin,
respectively. NIR-based conversions were compared with those values using mid-IR spectroscopy.
Differences in NIR and mid-IR conversion values have been explained by the sample volume and heat
buildup differences in the samples used to obtain the NIR and mid-IR measurements. NIR results also
confirmed an optimum temperature for the highest overall conversion and vinylene conversion, probably
due to the reduced diffusion of styrene into tightly cross-linked microgels at high temperature. The complex
trend of styrene conversion as a function of vinylene conversion at 75 °C, analyzed by NIR, can be
approximated by taking into account the reactivity ratios in the copolymerization reaction.

Introduction

Future growth of advanced polymer applications will
require development of a scientific foundation for pro-
cess control. A major step in obtaining this technology
will be the development of techniques capable of in-situ
measurements to monitor the state of cure. Several in-
situ measurement techniques have been developed to
monitor the complete curing cycle of various polymers
including microdielectrometry,1,2 ultrasonic and acoustic
analysis,3-5 fiber optics,6,7 dynamic or vibration based
analysis,8,9 fiber-optic fluorescence,10,11 and UV/vis12

spectroscopy.
Our laboratory has been particularly active in the

development of fluorescence, phosphorescence, and UV/
vis reflection techniques based on intrinsic spectral
changes for the cure monitoring in epoxy,13 polyimide,14

bis(maleimide),15 polyurethane and poly(urea-ure-
thane),16 vinyl polymers,17 and polycyanurate.18

Near-infrared (NIR) spectroscopy is another analyti-
cal technique capable of monitoring the curing reaction
of thermosetting polymers. Since fused silica is trans-
parent in this region of the spectrum (780-2500 nm),
this technique also readily lends itself to in-situ moni-
toring via fiber optics. NIR spectroscopy has previously
been utilized to monitor numerous polymerization reac-
tions including ethylene,19 styrene,19,20 methyl meth-
acrylate,19 isoprene,20 and epoxy resins,21 but not in
multicomponent unsaturated polyester (UPE) resins.

The curing reaction of an unsaturated aliphatic
polyester made from propylene glycol and maleic an-
hydride (see Scheme 1 for chemical structure) is a
heterogeneous, cross-linking copolymerization via free
radical chain growth between unsaturated polyester
molecules and a low molecular weight monomer, typi-
cally styrene.22 Three different types of bonds can be
formed during copolymerization, since reaction can
occur between styrene-polyester vinylene, polyester
vinylene-polyester vinylene, and styrene-styrene moi-
eties.

Various techniques22,23 such as DSC, FTIR, light
scattering, rheometry, microscopy, and electron spin
resonance spectroscopy have been used to characterize
the cure reactions, which include induction, microgel
formation, transition with or without phase separation,
macrogelation, and postgelation.

The objective of this research is to develop NIR as the
characterization technique for the bulk curing reaction
of UPE resin with styrene, first by using model com-
pounds to identify and quantify various reactions and
to subsequently quantify the cure reaction in UPE
resins. Mid-IR spectroscopy will be used to complement
the NIR spectroscopic technique. The cure reactions
analyzed by NIR will be explained in view of the
complexities of the kinetics-gelation mechanism and
by taking into account the reactivity ratios of styrene
and diester in the copolymerization reaction.

Experimental Section
A. Materials. 1. Unsaturated Polyester Resin. The

resin, Aropol Q6585, from Ashland Chemical Co. is a propylene
glycol/maleic anhydride based unsaturated polyester cut to
∼71% solids in styrene monomer. The unsaturated polyester
molecules possess a number-average molecular weight (Mn)
of 1580 g/mol, resulting in approximately 10 vinylene bonds
per molecule.22b On the basis of these characteristics, the molar
ratio of vinylene CdC bonds/styrene CdC bonds in the resin
was calculated to be 1.24. 1H NMR spectroscopy was performed
on the unsaturated polyester ground resin in CDCl3 using a
Bruker DMX-500 MHz NMR spectrometer. Quantitative analy-

Scheme 1. Molecular Structure of Unsaturated
Polyester Resin
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sis of the integrated peak areas revealed a 1:1 molar ratio of
fumarate ester:propylene glycol. This is presumably due to the
fact that the cis-maleate ester moiety isomerizes extensively
into the less strained, more planar trans-fumarate configura-
tion during the synthesis of unsaturated polyester resins.22e

The molecular structure of the unsaturated polyester resin
used in this study is shown in Scheme 1. Bulk polymerization
of the unsaturated polyester was thermally induced by dis-
solving benzoyl peroxide (2 wt %) as the initiator in the
unsaturated polyester resin by mechanical stirring for 1 h. The
resin/initiator mixture was subsequently degassed under
vacuum for approximately 2 min prior to curing, followed by
isothermal cure in a convection oven at 60, 75, or 125 °C using
a batchwise sampling technique for a predetermined time
interval. The sample was allowed to cool to room temperature
before recording either the NIR or mid-IR spectra.

2. Model Compounds. Diethyl fumarate (98%, ACROS
Chemical Co.), diethyl maleate (98%, Aldrich Chemical Co.),
diethyl succinate (99%, Aldrich Chemical Co.), styrene (99%,
Aldrich Chemical Co.), ethylbenzene (99%, ACROS Chemical
Co.), and benzonitrile (ACROS Chemical Co.) were used to
prepare model compound reference mixtures. The chemical
structures of the model compounds used in this study are
shown in Scheme 2. Reference mixtures of diethyl fumarate
(DEF) and diethyl succinate (DES), diethyl maleate (DEM) and
diethyl succinate, and styrene (STY) and ethylbenzene (EB)
were prepared in varying molar ratios for the purpose of
assigning peaks in the NIR region. The molar ratios of DEF:
DES, DEM:DES, and STY:EB used were 1.00:0.00, 0.80:0.20,
0.60:0.40, 0.40:0.60, 0.20:0.80, and 0.00:1.00. Benzonitrile (BN),
which is a liquid, was added to liquid reference mixtures to
result in miscible solution, as an internal standard to account
for any thickness differences in mid-IR samples, by normal-
izing the peak intensities to the benzonitrile -CtN peak at
2229 cm-1. The concentration of benzonitrile in the reference
mixtures was maintained at 25 mol % due to weak intensity

at 2229 cm-1. However, it did not affect the absorption of other
references. The same solutions containing BN were used in
NIR where BN has no absorption. Model compound mixtures
of DEF, DES, STY, and EB were also prepared to simulate
the cure reaction of the unsaturated polyester resin. The initial
ratio of DEF:STY in the reference mixtures was 1.24, the same
as the vinylene/styrene double bond ratio found in the unsat-
urated polyester resin used in this study. A total of 36
reference mixtures were prepared by varying the degree of
unsaturation in the diester component, vinyl component, or
both. This was accomplished by adjusting the amount of DEF/
DES:STY/EB present in the mixtures, while maintaining the
initial diester:vinyl molar ratio of 1.24.

B. Instrumentation. A Perkin-Elmer UV/vis/NIR Lambda
900 spectrometer was used for all near-infrared (NIR) mea-
surements. Sample preparation for NIR measurements con-
sisted of placing either resin or reference mixture between two
fused silica plates (1 in. diameter from Quartz Plus) with a
2.87 mm thick silicone rubber spacer.

Mid-infrared measurements were made using a Nicolet
60SX Fourier transform infrared (FTIR) spectrometer with a
resolution of 4 cm-1. After degassing the resin/initiator mix-
ture, a small drop of resin was sandwiched between two NaCl
crystals.

Results and Discussion

A. Assignment of NIR Absorbance Peaks. Pre-
liminary studies during cure of unsaturated polyester
with styrene revealed a decrease in peak absorbance
values at 1629, 2088, 2117, and 2227 nm.24 To assign
these peaks to specific functional groups, model com-
pound mixtures were analyzed.

Figure 1a shows the NIR spectra obtained for several
styrene/ethylbenzene model compound mixtures. Ben-

Scheme 2. Chemical Structures of Model Compounds and Benzonitrile Used as an Internal Reference
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zonitrile in the mixture does not show significant
absorbance in the NIR region of interest. A decrease in
the relative molar concentration of styrene in the
mixtures resulted in a decrease in the peak absorbance
values at 1629, 2117, and 2227 nm. The fundamental
modes of vibration responsible for these peaks were
determined by analyzing the mid-IR spectra for the
styrene/ethylbenzene mixtures. Absorbance peaks25 at
3083 cm-1 (terminal methylene C-H stretching), 1630
cm-1 (CdC stretching), 1413 cm-1 (CH2 scissoring
deformation), 991 cm-1 (trans C-H out-of-plane bending
in CH2dCHR), and 908 cm-1 (CH2 out-of-plane bending
in CH2dCHR) also decreased with decreasing styrene
concentration. Considering only the frequency of the
fundamental vibrations which showed a decrease in
absorbance with decreasing styrene concentration, the
positions of several overtone and/or combination bands
were predicted. The first overtone of the terminal
methylene C-H stretching vibration in styrene, ignor-
ing the effects of anharmonicity, would be expected to
occur at approximately twice the frequency of the
fundamental vibration, 2 × 3083 cm-1 ) 6166 cm-1 )
1622 nm. Since overtone bands due to fundamental
transitions originating below 2000 cm-1 are rarely
observed in the NIR due to the low probability of such
transitions occurring, we would not expect any other
overtone bands to be present.

However, combination bands involving the terminal
methylene C-H stretching vibration were predicted at
3083 + 1630 cm-1 ) 4713 cm-1 ) 2122 nm and 3083 +
1413 cm-1 ) 4496 cm-1 ) 2224 nm derived from its
combination with the -CdC- stretching vibration and
-CH2 scissoring deformation, respectively. From the
mid-IR peak assignments, predicted NIR absorbance
peaks, and the observed absorbance peaks in the NIR
region of the spectrum, we assigned the peak at 1629
nm to the first overtone of the terminal methylene C-H

stretching vibration in styrene. The peaks observed at
2117 and 2227 nm were concluded to be the combination
bands due to the combination of the terminal methylene
C-H stretching with -CdC- stretching and -CH2
scissoring deformation, respectively. Goddu26 and Chang
and Wang19 reported similar peak assignments for
styrene in their studies. Table 1 summarizes the mid-
IR and NIR peak wavelengths and assignments for
styrene monomer found in this study.

NIR spectra obtained for the diethyl fumarate/diethyl
succinate model compound mixtures are shown in
Figure 1b. A decrease in the NIR peak at approximately
2087 nm as well as near 1660 nm was observed with
decreasing diethyl fumarate concentration in the mix-
tures. From the mid-IR spectra for the diethyl fumarate/
diethyl succinate model compound mixtures, we noted
that several mid-IR peaks decreased with decreasing
diethyl fumarate concentration, including peaks at 3077
cm-1 (C-H stretching vibration), 1646 cm-1 (-CdC-
stretching vibration), 980 cm-1 (trans RHCdCHR out-
of-plane bending), and 775 cm-1 (trans out-of-phase
wagging).25 While the C-H stretching vibration at 3077
cm-1 is weak, analysis of the integrated peak area at
this frequency was found to be linear with diethyl
fumarate concentration. On the basis of the mid-IR
spectra, the first overtone of the C-H stretching vibra-
tion would be predicted to occur at 2 × 3077 cm-1 )
6154 cm-1 ) 1625 nm, while a combination of the C-H
stretching with the -CdC- stretching vibration would
be expected to appear at approximately 3077 + 1646
cm-1 ) 4723 cm-1 ) 2117 nm. However, the NIR spectra
of the diethyl fumarate/diethyl succinate model com-
pound mixtures showed a shoulder at 1662 nm and a
peak at 2087 nm which decreased with decreasing
double bond concentration. Therefore, the assignment
of these two peaks to the first overtone of the C-H
stretching vibration and a combination of C-H stretch-
ing and -CdC- stretching would most likely be invalid.
Further analysis of higher order harmonics (overtones)
and combination bands involving these harmonics re-
vealed that a combination of the second overtone of the
trans RHCdCHR out-of-plane bending mode at 980
cm-1 with the C-H stretching vibration at 3 × 980 cm-1

+ 3077 cm-1 ) 6017 cm-1 ) 1662 nm would be the most
likely explanation for the disappearance of the shoulder
at 1660 nm. Additional experimental evidence comes
from the fact that the NIR spectra of the diethyl
maleate/diethyl succinate model compound mixtures did
not possess a shoulder which decreased with decreasing
diethyl maleate concentration at 1660 nm, nor did the
mid-IR spectrum possess a peak at 980 cm-1 associated
with the trans RHCdCHR out-of-plane bending vibra-
tional mode.

The NIR spectra of both diethyl fumarate/diethyl
succinate and diethyl maleate/diethyl succinate mix-
tures exhibited the disappearance of the peak at 2087
nm with decreasing double bond concentration in the
mixtures. Since the C-H stretching vibration occurred
at different frequencies, 3077 and 3060 cm-1 for diethyl
fumarate and diethyl succinate, respectively, the com-
bination of the C-H stretching vibration with the -Cd
C- stretching vibration would also occur at different
wavelengths and thus would not explain the occurrence
of the peak at 2087 nm observed in the NIR spectrum
of both compounds. While diethyl fumarate and diethyl
maleate are conformers of the same compound, they
share only two common bands in the mid-IR region of

Figure 1. NIR spectra of styrene (STY)/ethylbenzene (EB)
model compound mixtures (a) and diethyl fumarate (DET)/
diethyl succinate (DES) mixtures (b). BN was added for mid-
IR internal reference but does not have NIR absorbance in
the region shown.
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the spectrum which were observed to decrease with
decreasing double bond concentration. These peaks are
located at 1646 cm-1 (-CdC- stretching) and 1300
cm-1 (C-H rocking).25 The second overtone of the -Cd
C- stretching vibration, ignoring the effect of anhar-
monicity, would be expected to occur at approximately
3 × 1646 cm-1 ) 4938 cm-1 ) 2025 nm. However, the
effect of anharmonicity on the second overtone band of
the -CdC- stretching vibration would cause it to
appear at a frequency less than 3 times the fundamental
frequency, resulting in an increase in the wavelength
at which it would appear, such as at 2087 nm, a
reasonable value according to the literature.27 This
would, therefore, explain the difference in the predicted
wavelength (2025 nm) and the observed wavelength
(2087 nm) for the diethyl fumarate/diethyl succinate
model compounds as well as to account for the obser-
vance of the peak in the diethyl maleate/diethyl succi-
nate model compounds. Table 2 summarizes the NIR
peak assignments for diethyl fumarate.

B. Analysis of Extent of Reaction by NIR and
Mid-IR. To determine the extent of styrene and vi-
nylene reaction from the NIR spectra during cure, the
spectra of model compound mixtures of known concen-
trations were evaluated using the initial molar ratio of
diethyl fumarate: styrene monomer in the model com-
pound mixtures of 1.24, which is the same molar ratio
of vinylene to styrene double bonds in the commercial
unsaturated polyester resin used in this study. The
relative amounts of unsaturated diester and styrene in
the mixtures were adjusted by adding appropriate
amounts of diethyl succinate and ethylbenzene to
simulate the disappearance of double bonds in both the
unsaturated polyester and styrene components of the
resin.

In Figure 2, the initial concentration of diethyl
fumarate was held constant at the molar ratio of 1.24
for diester/styrene while the styrene concentration in
the mixtures varied from 100 to 0 mol %. From Figure
2, it is noted that the absorbance peaks at 1629, 2117,
and 2227 nm associated with styrene monomer de-
creased with decreasing styrene concentration. Spectral
changes were quantified using the first overtone of the
terminal methylene C-H stretching vibration at 1629

nm. This peak was selected on the basis of the fact that
the resolution was better than the combination peaks
at 2117 and 2227 nm, thus reducing the influence of
overlapping peaks on the calculated conversion. A plot
of the peak absorbance or the integrated peak area at
1629 nm vs concentration was linear.

The NIR spectra were obtained for the model com-
pound mixtures with the initial concentration of styrene
held constant at the molar ratio of 1.24 for diester/
styrene, and the concentration of diethyl fumarate
varied from 100 to 0 mol %. The NIR absorption peak
at 2087 nm attributed to the second overtone of the -Cd
C- stretching vibration in diethyl fumarate decreased
with lowering concentration. A plot of the peak absor-
bance at 2087 nm or the integrated peak area at 2087
nm with concentration was also linear.

A plot of the calculated vs actual conversion of styrene
and vinylene in the mixtures determined based on
changes in integrated peak area is shown in parts a and
b of Figure 3, respectively, exhibiting a strong linear
relationship.

From the mid-IR spectra of the model compound
mixtures, the conversion of styrene and vinylene CdC
bonds was calculated by the method28 similar to Yang
and Lee29 using the styrene band at 912 cm-1 and the
polyester band at 1646 cm-1. Figure 4 shows the
calculated conversion of styrene and vinylene CdC
bonds determined as a function of the actual conversion
in the model compound mixtures. There is excellent
agreement between the calculated and actual conversion

Table 1. Styrene NIR Peak Assignments Based on Mid-IR Spectra of Styrene/Ethylbenzene Model Compound Mixtures

wavenumber
(cm-1)

fundamental
vibration25

predicted NIR
wavelength

observed NIR
wavelength (nm) NIR peak assignment

3083 terminal methylene
C-H stretching

2 × 3083 ) 6166 cm-1 )
1622 nm

1629 first overtone of C-H stretching
vibration

3083 terminal methylene
C-H stretching

3083 + 1630 ) 4713 cm-1 )
2122 nm

2117 combination of C-H and -CdC-
stretching vibrations

1630 -CdC- stretching
3083 terminal methylene

C-H stretching
3083 + 1413 ) 4496 cm-1 )

2224 nm
2227 combination of C-H stretching

and -CH2 scissoring deformation
1413 -CH2 scissoring

deformation

Table 2. Diethyl Fumarate NIR Peak Assignments Based on Mid-IR Spectra of Diethyl Fumarate/Diethyl Succinate
Model Compound Mixtures

wavenumber
(cm-1)

fundamental
vibration25

predicted NIR
wavelength

observed NIR
wavelength (nm) NIR peak assignment

3077 C-H stretching 3077 + 3 × 980 cm-1 )
6017 cm-1 ) 1662 nm

1660 combination of C-H stretching and
trans C-H out-of-plane bending

980 trans C-H out-of-plane
bending

1646 -CdC- stretching 3 × 1646 cm-1 )
4938 cm-1 ) 2025 nm

2087 second overtone of -CdC-
stretching vibration

Figure 2. NIR spectra of styrene (STY)/ethylbenzene (EB)
mixture with diethyl fumarate concentration constant.
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values for both styrene and vinylene components, when
analyzed by mid-IR spectroscopy.

C. Isothermal Cure of Unsaturated Polyester
Resin. The bulk copolymerization reaction of the Q6585
UPE resin was followed by both NIR and mid-IR
spectroscopies at 60, 75, or 125 °C. Results of the NIR
and mid-IR measurements at 75 °C are shown in parts
a and b of Figure 5, respectively. As expected from the
results of the model compounds study, the NIR spectra
exhibited a decrease in absorbance at 1629, 2087, 2117,
and 2227 nm with cure reaction. The changes in the NIR
spectra at 1629 and 2087 nm were used to quantify the
styrene and vinylene conversion and compared to
conversion values calculated from the mid-IR measure-
ments.

Figure 6a shows styrene conversion as a function of
cure time determined using the two techniques for three
different cure temperatures. As shown in Figure 6a, the
shape of the styrene conversion profiles was found to
be similar for both techniques at all three cure temper-
atures. However, the time for the onset of styrene
reaction was earlier for the NIR samples compared to
the mid-IR samples for the reactions carried out at 60
and 75 °C, which correspond to the oven temperatures,
but not at 125 °C, where the increased reaction rate
resulted in the cure reaction reaching about 90% within
the first sampling time interval of 5 min. An explanation
for this behavior may come from the differences in two
samples used for each measurement. Samples used for

NIR measurements were 2.87 mm thick with a volume
of approximately 1 mL of unsaturated polyester resin,
while the mid-IR samples were on the order of several
microns in thickness. This would result in the NIR
samples possessing approximately 400 times the volume
of the mid-IR samples. Because of the exothermic nature
of the free-radical copolymerization process, the in-
creased volume in the NIR samples would allow for a
greater heat buildup in the sample, thus accelerating
the onset of conversion, resulting in the higher NIR
styrene conversion values compared to the mid-IR
styrene conversion values for the UPE resin cured at
60 and 75 °C. The measurement of the sample temper-
ature during cure would have verified this explanation.
The glass transition temperature of the similar resin

Figure 3. Plot of calculated conversion vs actual styrene
conversion (a) and vinylene conversion (b) in model compound
mixtures based on NIR integrated peak area.

Figure 4. Plot of calculated vs actual conversion of styrene
and vinylene CdC bonds in model compound mixtures deter-
mined from mid-IR measurements.

Figure 5. (a) NIR spectra and (b) mid-IR spectra of unsatur-
ated polyester resin during cure at 75 °C (from top to bottom:
t ) 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100, 120, 150, 180,
240, 480 min).

Figure 6. (a) Styrene conversion and (b) vinylene conversion
as a function of cure time determined from NIR and FTIR
measurements at three different cure temperatures.
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was reported to be around 116-120 °C.23 Therefore, at
125 °C, the styrene conversion reaches 95%, while at
75 and 60 °C, the styrene conversion values are much
lower due to vitrification.

Vinylene conversion as a function of cure time for the
three different cure temperatures is shown in Figure
6b. In general, the NIR vinylene conversion values were
found to be higher than the mid-IR vinylene conversion
values except for the resin cured at 60 °C, due to excess
heat buildup in NIR samples, thus facilitating the
reaction of unsaturated polyester CdC bonds.

Figure 7 shows the overall conversion, aT, as defined
by eq 128,29 determined from NIR measurements as a
function of cure time for the resin cured at 60, 75, and
125 °C.

where Rs and RΕ are the styrene conversion and poly-
ester conversion, respectively. The first cure data at 125
°C corresponds to 5 min of cure in Figure 7. Table 3
displays the overall conversion, aT, and the individual
conversion of styrene and polyester vinylene groups, RS
and RE, for the three temperatures employed. Both the
overall conversion and the vinylene conversion appear
to go through a maximum with an increase in temper-
ature, since all the conversions at 75 °C are the highest,
in comparison to 60 and 125 °C. Our mid-IR results
showed a similar trend, which has also been reported
by IR by Huang and Chen30a for the resin with the molar
ratio of 1.0 vinylene CdC bonds/styrene CdC bonds.
They postulated that at high temperature, such as at
125 °C, enhanced microgel formation and microgel cross-
linking would result in highly overlapped microgels,
thus making styrene diffusion more difficult to react
with polyester, lowering both overall conversion and
vinylene conversion.

It is important to compare the conversion of styrene
with vinylene CdC bonds in order to understand the
reaction mechanism and the resulting network struc-
ture. Figure 8 reveals such a plot for the resin cured at
75 °C, where the diagonal dashed line represents the
azeotropic reaction (rates of change for both styrene and
vinylene CdC bonds are same). From Figure 8, styrene

conversion for the first 5% occurs early in the reaction
with little or no vinylene conversion. After approxi-
mately 5% conversion, the relative rates of styrene and
vinylene conversion are roughly the same up to about
50% conversion. Following 50% conversion, the conver-
sion of styrene is slightly favored.

The relative conversion of styrene vs polyester vi-
nylene has been reported previously for a number of
different resin systems, cure temperatures, and molar
ratios of styrene to polyester CdC bonds. However,
there are no reports in the literature for a molar ratio
(MR) of styrene to vinylene CdC bonds of 0.81, as used
in this study. Huang and co-workers30b,c reported that
the relative conversion of styrene to polyester vinylene
falls at or below the azeotropic reaction line, during the
early stages of reaction for a UPE resin with MR ) 1.0.
The relatively faster consumption of styrene in the early
stages (the first 5-7% conversion) of the reaction, as
observed experimentally in Figure 8, is reasonable if one
considers the monomer reactivity ratios for this system.
The monomer reactivity ratio, r, is defined as the ratio
of the rate constant for a propagating species adding
its own type of monomer to the rate constant for its
addition of the other monomer. In this system, we
assumed that the monomer reactivity ratios reported
for diethyl fumarate, rDEF ) r1 ) 0.07, and styrene,
rstyrene ) r2 ) 0.30 at 60 °C,31 to be applicable at 75 °C.
The overall degree of conversion (1 - M/M0) can be
related to changes in the comonomer feed composition
by eq 2.32

where the zero subscripts denote initial quantities and
the other symbols are given by the following equations:

M and M0 are the combined concentrations of the two
monomers at time t and the initial time, and therefore
(1 - M/M0) is the overall degree of conversion. The feed
composition, f1 and f2, refer to that of diethyl fumarate
and styrene, respectively. On the basis of the definition
for conversion, we can derive separate expressions for
the conversion of diethyl fumarate (DEF) and styrene
as eqs 3 and 4,17a respectively.

Figure 7. Overall conversion as a function of cure time for
unsaturated polyester resin cured at three different temper-
atures from NIR data.

Table 3. Final Overall Conversion, Styrene Conversion,
and Vinylene Conversion for Q6585 UPE Resin Cured at

60, 75, and 125 °C by NIR Analysis

temp (°C)
styrene

conversion, Rs

vinylene
conversion, RE

overall
conversion, RT

60 88 38 60
75 93 74 82

125 93 66 78

aT )
Rs + 1.24RE

2.24
(1)

Figure 8. Comparison of experimental data and calculated
data using eqs 3 and 4 for styrene conversion as a function of
vinylene conversion.

1 - M
M0

) 1 - [ f1

(f1)0
]R[ f2

(f2)0
]â[(f1)0 - δ

f1 - δ ]γ

(2)

R )
r2

1 - r2
â )

r1

1 - r1

γ )
1 - r1r2

(1 - r1)(1 - r2)
δ )

1 - r2

2 - r1 - r2
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Since styrene conversion is experimentally faster than
diethyl fumarate conversion, we can assume that f1
increases with conversion, from its initial value of 0.55
to 1.00, and can calculate the overall conversion accord-
ing to eq 2. Once the overall conversion is determined,
we can apply eqs 3 and 4 to calculate the conversion of
DEF and styrene, respectively. The solid line in Figure
8 shows the calculated styrene and diethyl fumarate
conversion along with the experimental results found
for the Q6585 resin cured at 75 °C. From Figure 8, one
can see that the calculated and experimental conversion
values agree reasonably well, suggesting that cycliza-
tion/microgelation may not occur substantially at 75 °C
cure.

Summary

NIR spectra of styrene/ethylbenzene mixtures exhib-
ited decreases in absorbance at 1629, 2117, and 2227
nm, while the NIR spectra of the diethyl fumarate
(DEF) and diethyl succinate (DES) mixtures showed a
decrease in an absorbance peak at 2087 nm with
decreasing levels of unsaturation. On the basis of the
NIR and mid-IR specta of the styrene/ethylbenzene
model compound mixtures, the NIR peaks at 1629, 2117,
and 2227 nm were assigned to the first overtone of the
terminal C-H stretching vibration, a combination of
C-H stretching vibration and -CdC- stretching vibra-
tions, and a combination of C-H stretching and -CH2
scissoring deformations, respectively. From the DEF/
DES model compound mixtures, the NIR peak at 2087
nm was assigned to the second overtone of the -CdC-
stretching vibration.

Analysis of the NIR spectra of model compound
mixtures showed that the integrated peak areas at 1629
and 2087 nm could be used to quantify changes in the
concentration of styrene and diethyl fumarate, respec-
tively. This method was applied to calculate the extent
of reaction of styrene and vinylene CdC bonds in the
unsaturated polyester resin, in comparison to the extent
of reaction values determined using a conventional mid-
IR method. Differences in the conversion of styrene and
vinylene CdC bonds could be explained by differences
in the geometry of the samples used for obtaining the
NIR and mid-IR measurements.

Increasing the cure temperature resulted in an in-
crease in the conversion of styrene, but the conversion
of vinylene CdC bonds and the overall conversion
exhibited a maximum with increasing temperature,
probably due to reduced diffusion of styrene into tightly
cross-linked microgels. The complex trend of styrene
conversion as a function of vinylene conversion at 75
°C can be approximated by taking into account the

reactivity ratios of styrene and diethyl fumarate in the
copolymerization. Since the NIR technique has the
ability to measure spectra of thicker samples, which
simulate the bulk state reaction of unsaturated poly-
ester resins and composites used in the manufacturing
process, it may provide an increased understanding of
the curing behavior of unsaturated polyester resins,
especially with the use of conventional silica grade fiber
optics, which are transparent to NIR radiation.
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