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ABSTRACT: The applicability of phosphorescence spectroscopy is investigated for cure characterization 
of epoxy resin cured by an  aromatic diamine. By using a time-resolved method to separate fluorescence 
from phosphorescence, the room-temperature phosphorescence (RTP) behavior of a commonly used curing 
agent, bis(p-aminophenyl) sulfone (DDS), is studied. RTP emission spectra with a maximum around 
500 nm are obtained. Both RTP emission and excitation intensity increase very sharply with cure time 
due to the increase in the rigidity of the cured epoxy. They can be correlated to the extent of cure of 
epoxy, when properly calibrated. The triplet lifetime ( t ~ )  obtained by monitoring RTP emission decay at 
500 nm increases from zero to about 40 ms following cure at 160 "C for 180 min. Correlation curves of 
ZT with the extent of cure and the glass transition temperature are also obtained. Thus, t~ provides a 
way to estimate the cure extent without the need to calibrate the RTP emission intensity. While these 
RTP characteristics cannot be used for in-situ cure monitoring, they can be used as a sensitive cure 
estimate technique in lightly cured prepregs for composites or after a cure cycle. 

Introduction 
Recently, we reported on a convenient technique for 

epoxy cure monitoring based on the intrinsic fluores- 
cence of a commonly used curing agent such as bis(p- 
aminophenyl) sulfone (DDS), which is used in most 
high-performance epoxy composites. As the curing 
proceeds, the fluorescence excitation spectral or the W 
reflection spectra2 of the DDS curing agent exhibited 
spectral red shifts of about 24 nm due to the conversion 
of the primary amine groups in DDS to tertiary amine 
groups. The peak positions in the fluorescence excita- 
tion spectra or in the W reflection spectra were shown 
to correlate well with the extent of DDS amine cure. 
Since no extrinsic fluorophore is required, this intrinsic 
cure sensing technique has been implemented for in- 
situ cure monitoring of DDS cured epoxy composites 
with a fiber-optic f l~orimeter .~ 

Phosphorescence spectroscopy is often used as a 
complementary analytical technique to fluorescence 
spectroscopy for the analysis of organic, biological, 
organometallic, and polymeric materials. Because of the 
longer lifetimes of the triplet state, phosphorescence 
emission is much more subject to quenching by 
whose diffusion depends greatly on the viscosity or the 
physical state of the polymer. Since the phosphores- 
cence intensity and the triplet lifetime of the nonreactive 
extrinsic probes are generally viscosity-sensitive, they 
can be used to monitor the changes in the matrix 
viscosity or the molecular mobility. For example, Meijer 
and Zwiers7 studied the molecular mobility of a poly- 
epoxide network by monitoring the phosphorescence 
emission from a photoinitiator, bis(4-tert-butylphenyl)- 
iodonium hexafluoroarsenate. Kotch et a1.8 reported 
that phosphorescent organometallic complexes can be 
used as extrinsic probes to monitor the curing reactions 
of epoxy or acrylate resins. The phosphorescence in- 
tensity of the probe correlated well with the rate of 
consumption of the acrylate monomer. 

The main objective of this research is to study the 
intrinsic phosphorescence behavior of DDS, as a func- 
tion of cure. As the curing reaction proceeds, the 
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viscosity and the glass transition temperature increase. 
The matrix changes from liquid to solid at  room tem- 
perature. Thus, the oxygen quenching is expected to 
be reduced, with cure affecting the phosphorescence 
emission intensities. It was of interest to see if the 
spectral red shifts are also observed in phosphorescence 
as in fluorescence. If red shifts greater than 24 mm are 
observed in phosphorescence, this may provide a sensi- 
tive method to determine the extent of cure. 

Phosphorescence can be observed either at  low tem- 
perature to reduce quenching by use of a rotating can 
technique or a t  room temperature by using a time- 
resolved method to separate fluorescence from phos- 
phorescence. Sample handling and the separation of 
fluorescence from phosphorescence at  low temperature 
were found to be more difficult when using a rotating 
can te~hnique ,~  since the low-viscosity sample a t  early 
stages of cure had to be placed vertically in a small 
quartz tube. On the other hand, a time-resolved method 
based on room-temperature phosphorescence (RTP) was 
found to be more reliable after the experimental pa- 
rameters such as the delay time and the gate time were 
optimized. Therefore, this paper will present the results 
based on RTP only. 

Experimental Section 
1. Model Compounds and Sample Preparation for 

Cure Reaction Studies. Bis(p-aminophenyl) sulfone (pp- 
DDS) (98% purity purchased from Aldrich) was used without 
further purification. A model compound, tt-DDS, was previ- 
ously synthesized and purified from the reaction of DDS with 
excess monoepoxide butyl glycidyl ether.la As for diglycidyl 
ether of Bisphenol A (DGEBA), Shell's Epon 825 was used 
without further purification.s The stoichiometric mixture of 
DGEBADDS epoxy was prepared under constant stirring at 
120 "C for 2 min.la In order to observe the spectral shift from 
pp-DDS to tt-DDS, a small amount of either compound was 
dissolved in chloroform solution with poly(methy1 methacry- 
late) (PMMA), so that PMMA was about 5% by weight and 
the model compound concentration was around M in 
reference to PMMA. Thin films were cast and dried before 
RTP was taken. 

2. Instrumental Analysis. A Perkin-Elmer Model LS 50B 
spectrometer with a Digital Model 325C data station was used 
to acquire the room-temperature phosphorescence (RTP) emis- 
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Chart 1. Structures of Two DDS Model Compounds 
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R = HjCCHzCH,CHzOCHzCH(OH)CH, 

sion and excitation spectra. The following experimental 
conditions were found to be optimal for separating fluorescence 
from phosphorescence and enhancing phosphorescence in- 
tensity: delay time = 0.1 ms; gate time = 50 ms; scanning 
speed = 120 ndmin; excitatiodemission slits = 10 d l 0  nm. 
RTP decay curves of epoxy samples were obtained under the 
following conditions: A,, = 330 nm; Asm = 500 or 505 nm; gate 
time = 50 ms; scanning speed = 120 ndmin; excitation/ 
emission slits = 10 n d l O  nm. 

A Nicolet FTIR spectrometer with a TGS detector was used 
to monitor the rate of disappearance of epoxide ring around 
910 cm-l in thin epoxy films which were spread between two 
KBr disks.'" The thermal analyses of the epoxy resins were 
achieved via a Perkin-Elmer 7 Series thermal analyzer with 
a Model 7700 data station. Both isothermal and dynamic 
experiments of the samples (10-15 mg) were accomplished 
using an aluminum pan purged with a dry Nz gas. The scan 
rate used for the dynamic experiment was 10 "C/min. 

Results and Discussion 
1. Phosphorescence Studies of Model DDS Com- 

pounds. Chart 1 shows the structures of two DDS 
model compounds studied in this work: a fully reacted 
DDS model compound is tt-DDS where amine groups 
of DDS are both tertiary, while an unreacted DDS model 
compound is pp-DDS, representing the case where 
amine groups of DDS are both primary. In order to see 
how much spectral shift in phosphorescence is observed 
when pp-DDS is converted to tt-DDS, a small amount 
of either DDS model compound was added in a glassy 
matrix of poly(methy1 methacrylate) (PMMA) by casting 
and drying a thin film from a chloroform solution. 

Figure l a  compares the room-temperature lumines- 
cence spectra of pp-DDS and tt-DDS obtained in the 
PMMA matrix. The fluorescence emission peaks for the 
pp-DDS and tt-DDS in the PMMA matrix are found to 
be a 341 and 362 nm, respectively, with a total spectral 
shift of 21 nm. The RTP emission peaks for the pp- 
DDS and tt-DDS in the PMMA matrix are found to be 
at 421 and 435 nm, respectively, with a total spectral 
red shift of about 14 nm, which is smaller than that for 
the fluorescence spectra. 

Sawicki and PfafflO found that the phosphorescence 
emission maxima of 4-nitroaniline, N-methyl-4-nitro- 
aniline, and NJV-dimethylaniline were a t  510,522, and 
525 nm, respectively, when measured in an EPA (ethyl 
ether-isopentane-ethanol, 5 5 2  by volume) solution at 
77 K. Therefore, the total spectral shift was only about 
15 nm as the primary amino groups were converted to 
the tertiary amino groups in 4-nitroaniline. This mag- 
nitude of the shift is similar to the DDS case observed 
in PMMA. 

2. Phosphorescence Studies of Neat Epoxy 
Resins. (a) RTP Spectra of DGEBA/DDS as a 
Function of Cure. Figure 2 gives the RTP emission 
spectra of the stoichiometric DGEBA/DDS epoxy as a 
function of cure time a t  160 "C, when excited at 330 
nm. Before curing, the epoxy system shows very little 
phosphorescence emission at room temperature due to 
the quenching and other radiationless processes that 
cause the deactivation of the excited triplet state. 
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Figure 1. Comparison of the fluorescence (Fpp and Ftt) and 
phosphorescence (Ppp and Ptt) emission spectra of pp-DDS and 
tt-DDS in the PMMA matrix at room temperature (excitation 
at 295 or 324 nm for pp-DDS or tt-DDS, respectively). 
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Figure 2. RTP emission spectra of the stoichiometric DGEBA/ 
DDS epoxy as a function of cure time at 160 "C (cure time = 
0, 10, 20, 31, 46, 60, 120, 150, 180 min, from bottom to top; 
excitation at 330 nm). 
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Figure 3. Plot of the RTP emission intensity at 500 nm for 
the stoichiometric DGEBMDDS epoxy as a function of cure 
time at 160 "C. 

However, as the curing proceeds at 160 "C, the phos- 
phorescence emission intensity increases sharply as 
shown in Figure 3. The trend in the changes of RTP 
intensity as a function of cure time appears to be about 
the same as that of the changes in fluorescence excita- 
tion peak position as reported in our previous study.l 
In fact, an almost linear correlation seems to exist 
between the RTP emission intensity (Ip) and the fluo- 
rescence excitation peak position as shown in Figure 4a. 
Thus, the RTP intensity based on the DDS curing agent 
can also be used as an intrinsic sensor for epoxy cure 
characterization when the intensity is properly cali- 
brated. A correlation plot between the RTP intensity 
and the extent of epoxide reaction for the stoichiometric 
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Figure 4. Correlation plots of the fluorescence excitation peak 
position (a) and the extent of epoxide reaction (b) vs the RTP 
emission intensity at 500 nm for the stoichiometric DGEBM 
DDS epoxy cured at 160 "C. 

DGEBALDDS epoxy is given in Figure 4b. Since phos- 
phorescence is not expected to be detectable at  cure 
temperatures, its use as a cure detection method is 
limited only to the room-temperature measurement 
after cooling the cured sample or in the prepregs 
reinforced with fibers which have been slightly cured.ll 
The extent of cure in the prepregs is generally about 
15%, but it can increase due to the conditions they are 
exposed to. In order to optimize cure conditions, it is 
important to accurately measure the cure extent of the 
prepregs. 

Another feature that can be observed from Figure 2 
is that the phosphorescence peak position around 500 
nm is only slightly red shifted during the cure process. 
The peak position occurs at  a longer wavelength in the 
epoxy matrix than in the PMMA matrix, probably 
because of the more polar nature of the epoxy. The 
trend of a small red shift is also reasonable since the 
primary amine form of DDS, which is expected to appear 
at  a shorter wavelength, is not showing much phospho- 
rescence intensity at  room temperature due to oxygen 
quenching in the low-viscosity matrix at  the early stages 
of cure. 

Figure 5 shows the RTP excitation spectra of the 
stoichiometric DGEBALDDS epoxy as a function of cure 
time at  160 "C, when emitted at  500 nm. As expected, 
the excitation peak is shifted to longer wavelengths with 
sharp enhancement in the phosphorescent intensity as 
the cure time increases. The spectral positions and the 
red shifts observed in the phosphorescence excitation 
spectra are very similar to those in the fluorescence 
excitation spectra as reported in our previous study,la 
indicating that the same electronic transition (So-Sl) 
is involved in both excitation spectra. 
(b) RTP Lifetimes of DGEBADDS as a Function 

of Cure. Another useful parameter of phosphorescence 
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Figure 5. RTP excitation spectra of the stoichiometric 
DGEBA/DDS epoxy as a function of cure time at 160 "C (T,,, 
= 0, 10, 21, 31, 46, 60, 120, 180 min, from bottom to top; 
emission at 500 nm; the intensity at 0 min is zero at all 
wavelengths). 
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Figure 6. RTP emission decay curves of the stoichiometric 
DGEBMIDS epoxy as a function of cure time at 160 "C (cure 
time = 0, 10, 20, 31,46, 60, 90, 120, 180 min, from bottom to 
top; excitation at 330 nm; emission at 500 nm). 

spectroscopy is the lifetime of the triplet states (ZT) 
which can be obtained from the phosphorescence 
decay curve. The value of ZT is equal to the time elapsed 
for the intensity value to decrease to 36.8% of the 
original value. The major advantage of using t~ as a 
cure parameter is that no intensity calibration proce- 
dure is needed. The value of t~ is mainly dependent 
upon the nature of the chromophore, viscosity, and 
temperature of the medium in which the measurement 
is made. Generally, ZT increases with the local viscosity 
and decreases with the molecular mobility of the 
phosphorescence p r ~ b e . ~ J ~  The temperature and the 
viscosity dependence characteristics of t~ for a phos- 
phorescent chromophore have been used to study the 
molecular mobility and the chain conformation of poly- 
mers .7J2 

Figure 6 shows the RTP emission decay curves of the 
stoichiometric DGEBAiDDS epoxy as a function of cure 
time a t  160 "C. The excitation and emission wave- 
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Figure 7. (a) Plot of the RTP lifetime of the stoichiometric 
DGEBA/DDS epoxy as a function of cure time at 160 "C 
(excitation at 330 nm; emission at 500 nm). (b) Correlation 
between RTP lifetime and extent of epoxide reaction. 

lengths were set at 330 and 500 nm, respectively. It 
can be seen that the phosphorescence intensity decays 
a t  a very fast rate (indicating a shorter lifetime) in the 
early stages of the curing process and a much slower 
rate (indicating a longer lifetime) in the later stages of 
the reaction. The values of ZT for the stoichiometric 
DGEBAiDDS epoxy increase from zero to about 40 ms 
after curing for 180 min at  160 "C, as illustrated in 
Figure 7a, and it can be correlated to the extent of epoxy 
cure by Figure 7b. 

It is also useful to correlate ZT with the glass transi- 
tion temperature (T,) which is a reflection of the degre 
of cross-linking in an epoxy system. Correlations plots 
of the triplet lifetime (ZT) with the glass transition 
temperature of the epoxy resin are shown in Figure 8. 
Since the RTP lifetime measurement is a nondestructive 
method with no requirement of an internal standard for 
intensity calibration, it can be conveniently used to 
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Figure 8. Correlation plots of the RTP lifetime (ET) with the 
glass transition temperature of the stoichiometric DGEBN 
DDS epoxy resin. 
monitor the cure extent in the prepregs or after cooling 
the cured sample. 
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