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I. INTRODUCTION

Acetylene-terminated oligomers are being considered for use in high-

service-temperature adhesives and composites..' 2  It is thought that these

resins cure via numerous pathways, resulting in the production of various
2

chemical structures; therefore, the time-temperature schedule employed during

curing may strongly affect the properties of the cured resin. To better un-

derstand the acetylene-terminated system, to enable the specification of ap-

propriate cure schedules for producing polymers with the desired properties,

and to provide a means for assuring the quality of fabricated components con-

taining these polymers, techniques are needed that utilize small laboratory-

scale samples to obtain accurate measurements of a set of parameters that

uniquely determines the polymer properties.

The objectives of an earlier part of this program were to

(1) develop nuclear magnetic resonance (NMR), electron paramagnetic

resonance (EPR), and Fourier-transform infrared (FT-IR) techniques

for measuring parameters of acetylene-terminated sulfones (ATS) that

had undergone a variety of cure schedules,

(2) relate these parameters to the cure schedules, and

(3) attempt a correlation of these parameters with the known mechanical

properties.

The results of this earlier study were previously reported. 3

The objectives of the current part of the program are to

(1) conclude the study of ATS,

(2) apply the results of this study to other acetylene-terminated resins

to validate their general utility, and

(3) compare cure-state results for the different resins.

This report restates some results from the earlier study where they are needed

for clarity.



II. EXPERIMENTAL CONSIDERATIONS

1. MATERIAL AND CURE CONDITIONS

Four acetylene-terminated (AT) resins, all supplied by AFWAL/ML, were used

in this study. The first resin is based on the 4,4'-bis(3-ethynylphenoxy)-

diphenylsulfone (ATS) monomer. This ATS resin contains about 80% monomer and

20% higher-order oligomers, and has 95% meta configuration and 5% para

conf iguration.

HC C 0 o C•CH

0n

ATS

The second resin is based on the 4,4'-bis(4-ethynylphenoxy)-2,2-diphenyl-

propane monomer, also known as para-acetylene-terminated bisphenol A, (p-ATB).

This resin was supplied containing some higher order oligomers. 5

CH

3

p-ATB

The third resin is based on the 4,4,-bis(3-ethynylphenoxy)-2,2-diphenyl-

propane monomer, also known as meta-acetylene-terminated bisphenol A, (m-ATB).

This resin was supplied as a purified monomer, so higher order oligomers were

negligible.
6

HC--C (0 H3 0 -=CH

CH
3mn

m-ATB
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The fourth resin is a monofunctional compound used in the EPR studies. It

is purified phenoxyphenoxyphenylacetylene (PPPA).7

_CH

PPPA

The AT resins were stored in a desiccator at 253 K (ý-40F). Prior to

curing, the samples were degassed (debulked) at 393 K (2480F) in vacuum for

15 min and backfilled with nitrogen. Isothermal curing measurements and

postcure measurements were conducted in nitrogen atmospheres.

2. SAMPLE PREPARATION

a. NMR Sample Preparation

13C NMR: Samples for carbon-13 nuclear magnetic resonance ("'C NMR)

measurements were prepared and cured in silicone rubber molds. The inside

dimensions of the molds were 0.71 cm (0.28 in.) diameter by 1.66 cm (0.655

in.) length with wall thickness of 0.11 cm (0.045 in.). A sample was prepared

by adding -1.3 g (0.046 oz) of an AT resin to a mold, inserting the mold into

a tightly fitting hole in an aluminum block preheated to 393 K (284 0 F), out-

gassing at 393 K (2480F) for 15 min in a vacuum oven, and backflushing the

sample with cool nitrogen gas during rapid (< 1 min) cooling to room

temperature.

Sample curing and postcuring were similarly performed in the silicone rub-

ber mold. The mold containing the sample was inserted into a nitrogen-purged

preheated aluminum block in a well-regulated forced-air oven. After the ap-

propriate cure or postcure time, the mold was removed from the aluminum block

and flushed with nitrogen gas to cause rapid (< I min) sample cooling. These

samples were stored in stoppered glass vials in a freezer at 253 K (-4*F) when

not being measured in the 1 3C NMR spectrometer.

1H NMR: Samples for hydrogen nuclear magnetic resonance (1H NMR) measure-

ments were prepared in sealed glass tubes. About 0.1 g (0.0035 oz) of ATS was

placed in each 5-mm-o.d. (0.20-in.-o.d.) Pyrex NMR tube. The samples were

vacuum degassed at 393 K (2480C) for 15 min, backfilled with dry nitrogen,

sealed, and stored at 253 K (-4°F) until use in an experiment. In situ 1H NMR

3



measurements were obtained during curing by employing a heated NMR probe.

This procedure contrasts with the 'H NMR measurements that were made in the

earlier part of this program in which 2H NMR measurements were performed at

room temperature on samples that had been cured in a separate heater for dif-

ferent times. In these experiments, some samples required very long cure

times. Therefore, to better utilize the NMR spectrometer, the samples were

cured in oil-filled wells in a preheated, thermally calibrated aluminum block

for the longer cure times and then returned to the heated NMR probe for meas-

urement. If it was necessary to delay an NMR measurement, the sample was

stored in a freezer at 253 K (-4 0 F).

b. EPR Sample Preparation

Samples were prepared by warming the material from 253 K (-40F) to ambient

temperature, pulverizing the desired quantity, and placing the powder in 5-mm-

o.d. Pyrex sample tubes. The samples were degassed for 15 min at 393 K

(2480F), backfilled with nitrogen gas, and sealed. They were stored at 253 K

(-4 0 F) until use in EPR experiments.

The samples were cured isothermally by placing them in a heated aluminum

block containing - 6-mm diam holes filled with silicone oil. The block was

brought to cure temperature prior to sample insertion and was maintained at

cure temperature in a calibrated, forced-convection oven. With this system,

samples came to within 1 K of the cure temperature within 1 min. Thermal lag

of the sample (i.e., time spent during heat-up and cool-down) was sometimes

minimized by using a series of two or three samples for each isothermal cure

experiment, thus reducing the number of times each sample needed to be removed

from the oven for measurement during its cure cycle.

For the postcuring experiments, samples were heated in a copper tube con-

taining a gently flowing stream of nitrogen purge gas. In this way, inevi-

table sample tube breakage from thermal expansion of the ATS did not result in

exposure of the sample to air at the postcure temperature. Following postcur-

ing, the copper tube was cooled to ambient temperature prior to sample

removal. The sample was then placed in a new EPR sample tube, degassed, back-

filled with nitrogen, and sealed.

The samples were rapidly brought to the postcure temperature by the above

technique because the copper tube was heated prior to sample insertion. It

was not cooled until postcuring was completed.

4



c. FT-IR Sample Preparation

AT resin specimens suitable for sequential curing and recording of FT-IR

spectra after each cure interval were prepared by the bulk-cure KBr pellet

method, as follows. Bulk specimens weighing about 0.5 g were isothermally

cured in nitrogen-purged test tubes inserted into oil-filled wells in a pre-

heated aluminum block as described in Section 2b. The test tube was removed

from the heated block after each cure interval and allowe'd to' cool to room

temperature. Then 5 to 15 mg of resin was removed from the bulk for
8.

preparation of KBr pellets (discs) according to standard procedures.

Specimens for FT-IR study of the effect of post-cure heating were of the

same origin as the ones used for 13C NMR measurements. Specimen preparation

is described in Section 2a.

3. SPECTROMETRIC TECHNIQUES

a. NMR Techniques
1 3 C NMR: Solid state '3C NMR spectra of the AT resins were obtained on a

9
JEOL FX6OQS spectrometer operating at 15 MHz with magic-angle spinning,

10
cross-polarization, and high-power decoupling. The magic-angle spinner

bodies were fabricated from Kel-F; as a result, they produced no I3C spectral

lines that would interfere with those of the sample. The spinner was usually

spun at a rate of 2.4 kHz, which was sufficient to reduce the area beneath the

sideband peaks to less than 5%. The cross-polarization was accomplished with

a Hartmann-Hahn double resonance at approximately 50 kHz. Cross-polarization

contact times between 1 and 10 ms were investigated, and 4 ms was found to be

optimal. The high-power hydrogen decoupling field was 1.2 mT. The data from

5000 pulse sequences usually were averaged before Fourier transforming the

data to obtain the spectra.

The solid-state 13C NMR spectra of the AT resins consisted of well-

resolved lines whose assignments were determined by comparison with AT solu-

tion spectra.11 Parameters were derived from these spectra by measuring the

areas beneath the spectral lines at various stages of cure or by measuring the

area beneath the lines in the difference spectra which were obtained by sub-

tracting spectra at different stages of cure, as had been done in a study of

acetylene-terminated polyimide resins. 1 2

1H NMR: The pulsed 1H NMR measurements were performed on an MDRL-

designed, single-coil spectrometer operating at 100 MHz. An external fluorine

5



lock sampled at 94 MHz was used to control the magnet (Varian V-4014) so that

small signals could be signal averaged for long times without attendant drift.

The 100-MHz and 94-MHz rf signals were derived from a frequency synthesizer

(Hewlett Packard HP5100), and the 8-mT pulsed rf magnetic field was generated

by a programmable digital pulser and a 100-W linear amplifier (Electronic Nav-

igation Industries 3100L). The dead time of the receiver was < 6 Ps. A digi-

tal oscilloscope (Nicolet 4094) was used to acquire and store the signals, and

a computer (Digital Equipment PRO-380 or VAX 11/780) was used to analyze the

signals.

Three different types of pulsed 'H NMR experiments were performed:

(1) a single 900 pulse experiment to determine the relative amounts of

rigid and mobile phases and their spin-spin relaxation times T2 ,

(2) a 1800, T, 900 pulse experiment to determine the spin-lattice relaxa-

tion time T,, and

(3) a 9 0 0 x, T, (1 8 00y, 2T)n pulse sequence, referred to as the CPMG '3

sequence, to determine large spin-spin relaxation times, T2 .

b. EPR Techniques

EPR spectra from ATS and the original set of m-ATB data (see Section

111.3) were recorded on the Varian E-102 EPR spectrometer described previ-

ously. 3  The corrected set of m-ATB data (see Section 111.3) were recorded

using an IBM ER-200 X-band EPR spectrometer and IBM 9000 data acquisition

system. This acquisition system enabled signal averaging, spectral scaling,

integration and subtraction.

Free radical concentrations were determined by comparing the AT resin sig-

nal with that of a strong pitch reference sample having a Lorentzian line

shape and a radical concentration of 2.46 x 1015 spins per cm length. Any

variations in spectrometer parameters were minimized by recording the refer-

ence spectrum along with each sample or group of samples observed within a

short time period (<30 min). Reproducible placement of sample and reference

was achieved by using 5-cm-long samples that extended from the bottom of the

cavity to beyond the top of the cavity where the microwave intensities were

small.

Spectral intensities were calculated either by direct numerical integra-

tion or by using the expression

6



I hw2  ()

when spectra having the same line shapes were compared. In this expression, I

is the integrated intensity, h is the peak-to-peak amplitude of the recorded

derivative spectrum, and w is the peak-to-peak linewidth.

Error in signal intensity resulting from improper signal phasing was pos-

sible during direct integration. Incorrect phasing occurred because the spec-

trometer was operated at low power to avoid saturation and distortion of the

AT resin signal (AT resins saturated easily). At these low power levels, the

spectra contained small amounts of dispersion signals and slightly reduced

absorption signals. The integral of the former did not contribute to the in-

tegrated signal intensity, so that the overall intensity of the incorrectly

phased EPR signal was reduced accordingly. To avoid the difficulties of

direct integration, an integration procedure using Equation (1) was employed.

In Equation (1), it is essential for the spectra being compared to have

the same spectral line shapes. Thus, two Lorentzian or two Gaussian lines can

be compared, but a Lorentzian and a Gaussian line cannot be compared with each

other. For example, if the intensities of a Lorentzian line and a Gaussian

line having the same h and w (and I) values were determined by direct integra-

tion, the true integrated intensity of the Lorentzian would be a factor of 3.5

times greater than that of the Gaussian. The AT resin line shapes correspond-

ing to > 20% cure are approximately Gaussian in shape. Since the strong pitch

produced a Lorentzian signal, it was not possible to determine the intensity

Sof AT resin relative to the reference simply by comparing the values of I cal-

culated with Equation (1). Instead, these values of I were compared to inten-

sities obtained by direct integration of the references and to selected AT

resin spectra having very little dispersion-signal content. In this manner,

the I values for the reference line shape and AT resin line shapes were cali-

brated by use of their true intensity values, enabling use of Equation (1) for

the remaining ATS samples.

c. FT-IR Techniques

The transmission FT-IR spectra of AT resin specimens were obtained either

on a Digilab FTS-20V FT-IR spectrometer or on a Nicolet 7199 spectrometer.

Both spectrometers yielded identical spectra for a given specimen and, there-

fore, the spectra obtained were interchangeable. Nevertheless, any sequence
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of spectra resulting from a particular series of experiments was recorded on

the same spectrometer.

The raw single-beam spectra from both instruments were recorded in digital

form on a magnetic tape with a Kennedy Model 9700 recorder and were trans-

ferred to a CDC Cyber mainframe computer for interactive processing via a

Tektronix 4010 CRT terminal. The software for extensive off-line processing

of spectral data on a mainframe computer was developed at MDRL. Spectra were

recorded either from 300 scans (signal averaged) at a resolution of 1 cm-' or

from 100 scans at a resolution of 2 cm -'. Both scan conditions yielded the

same results for determination of band areas or band intensities. However,

*for the measurement of small cure-induced frequency shifts, spectra obtained

from 300 scans at a resolution of 1 cm -1 produced greater accuracy and were

therefore used. Transmission spectra were recorded at room temperature before

curing and after each isothermal cure or post-cure stage of a given curing

sequence.

Difference spectroscopy was used because it is a sensitive method for

detecting and measuring minor cure-induced changes in polymers. Difference

spectra, providing net changes in the AT resin after curing for a given incre-

ment of time, were obtained by digital absorbance subtraction as follows:

AA(v) = A2 (v) - kA,(v) , (2)

where AA(M) is the net absorbance change at frequency v, k is an adjustable

scaling factor to correct for changes in the thickness of the specimen, and

A2 (v) and A,() are the absorbances of the AT specimen at frequency V for the

two different cure states. The difference spectrum consists of a plot of

AAO as a function of the frequency v.

8



III. RESULTS AND ANALYSES

1. 1 3C NMR Results

a. 1 3C NMR Isothermal Cure Studies

Figure 1 shows the 1 3C NMR spectrum of solid, uncured, debulked ATS resin.

This spectrum was obtained using a cross-polarization contact time of 4 ms.

Also shown in Figure 1 is the structure of the ATS monomer along with the
11

spectral assignments that were obtained from solution 1 3C NMR spectra. The

solution spectra are well resolved because the molecular motion present in the

liquid averages conformational chemical shifts so that single, sharp spectral

lines occur for nonequivalent carbons. In the solid spectra these conforma-

tional differences are not averaged, and broad spectral lines result. Because

this sample contains higher order oligomers, there are a larger number of non-

0eah i ji h o c

e h e i h e

cd 0 d

f (155.1) 03(82.3)
j (135.7)/ h (117.9)
d (130.0) e (120.7)
i (129.6) a (123.4)

c (128.5) b (123.9)

GP61-0496-18-R 
Spectral assignment (chemical shift)

Figure 1. 13 C NMR spectrum of solid, uncured, debulked ATS resin. The chemical shifts of the
spectral lines observed in the 13C NMR spectrum of the resin dissolved in CDCI3 are
also shown along with the spectral assignments.
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equivalent carbons than that in a pure monomer and additional spectral broad-

ening occurs.

13 C NMR spectra of the type shown in Figure 1 were obtained on AT resin

samples in various stages of cure. The spectra were analyzed by two proce-

dures:

(1) subtracting spectra obtained from samples at different stages of

cure, and

(2) obtaining the areas beneath the three well-resolved resonance peaks

and expressing the three areas as a fraction of the total area be-

neath all three peaks.

While the first procedure yielded difference spectra that characterized

the changes taking place during curing, the second procedure generated more

useful cure-state parameters. The reason is that the second procedure re-

quired only a single spectrum of the AT resin sample being characterized,

while the first procedure required a reference spectrum whose amplitude and

chemical shift had to be manually adjusted to obtain valid difference spectra.

The amplitude adjustment corrected for gain changes and differences in sample

size, while the chemical shift adjustment corrected for shifts caused by spec-

trometer drift or slight changes in sample position in the magnet. While

these adjustments could be performed in an objective manner for research ap-

plications, they are not suitable for routine measurement of cure-state

parameters. Therefore, only area ratios were measured in this study.

At selected times during the isothermal cures, the samples were removed

from the oven, and 1 3C NMR spectra were obtained at room temperature for the

optimum cross-polarization contact time of 4 ms. From these spectra, the

fractional areas beneath the three well-resolved peaks were determined.

During cure, the following spectral changes were observed. First, the

fractional area beneath the high-field peak (acetylenic carbons at - 80 ppm)

decreases into the baseline (zero, within experimental error) during the cure.

Second, the fractional area beneath the low-field peak (centered at 160 ppm)

does not change significantly during the cure, indicating that the number of

aryl carbons adjacent to oxygens remains constant during the cure. Third, the

fractional area beneath the central-field peak (centered at 125 ppm) increases

in correspondence to the decrease in the fractional area beneath the high-

field peak during the cure; this suggests that acetylenic carbons are reacting

10



to form a conjugated polyene having either a linear or a trisubstituted ben-

zene structure.

When the 13C NMR data were reviewed, the area beneath the acetylene (high-

field) resonance was found to be the most suitable result to use as a cure-

state parameter. This resonance area was not as dependent upon contact time

as were the areas beneath the other two resonances, and this acetylene peak

experienced the greatest changes during curing. The area beneath the acety-

lene peak also presents the advantage of being approximately proportional to

the number of unreacted acetylene groups in the sample. This cure-state

parameter is plotted in Figure 2 for three isothermal cures.

The 1 3C NMR technique was applied to the para-acetylene-terminated bis-

phenol A, (p-ATB), resin to determine if this technique was of general utility

in characterizing the cure state of AT resins. The 1 3C NMR spectrum of solid,

uncured p-ATB resin is shown in Figure 3. The resolution does not permit a

rigorous assignment of all the resonance lines to all the carbons in the

resin, but general assignments are shown.

0.15 I I I I
Cure temperature
0 403 K (266°F)

0l A 423 K (302°F)

SA 0l 453 K (356°F)

0. 10

"0

CU

-0.05 -

'U3

0
100 101 102 103 104 105

Cure time (min)
Fe61-0496-19-R

Figure 2. 13C NMR acetylene intensity during isothermal cures.
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#2 (82.9)

#3
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200 160 120 80 40 0

Chemical shift (ppm from TMS)

Figure 3. 13C NMR spectrum of p-ATB with tentative assignments shown by the arrows. GP61-0496-61-R

The fractional areas beneath the resonance peaks were measured in three

different spectra and the results are shown in Table 1. Each one of these

spectra required 5000 data accumulations over a period of seven hours. These

results demonstrate the errors associated with quantitative 1 3 C NMR measure-

ments of solids. Based on the three measurements shown in Table 1, the frac-

tional area beneath the acetylene resonance is 0.099 ±0.008 (±8%). The error

in determining this quantity from a single spectrum is 14%. This error for

the ATB resin was larger than that for the ATS resin because the resonances

from the quaternary carbon (b) and the two methyl carbons (a) adjacent to the

TABLE 1. FRACTIONAL AREAS BENEATH RESONANCE
PEAKS IN 13 C NMR SPECTRA OF p-ATB.

Spectrum Peak Peak Peak Peak Peak
number #1 #2 #3 #4 #5

374 0.397 0.304 0.091 0.085 0.124
375 0.374 0.296 0.107 0.055 0.176
376 0.446 0.262 0.098 0.069 0.140
Average 0.406 0.287 0.099 0.070 0.146
Standard deviation 0.037 0.022 0.008 0.015 0.027

GP61-0496-I-R
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acetylene resonance make the area determination more difficult. Also, the

large fractional area of the a and b resonances, not present in the ATS resin,

reduced the fractional-area contribution from the acetylene carbons, thereby

increasing the relative error. Because of the large error and the excessive

time required to collect the data, the measurements on p-ATB were not

continued.

The fractional area beneath the acetylene resonance peak can be used to

estimate the oligomer content of the uncured resin if one assumes that the

area beneath the peak is proportional to the number of carbons producing the

peak. This was found to be a reasonable assumption for the ATS resin.

Referring to Figures 1 and 2, one sees that ATS has 11±1% acetylenic carbons.

An oligomer of ATS contains 18n+6 aromatic carbons and 4 acetylene carbons.

The fraction of acetylene carbons, f, is 4/(18n+6). Therefore, n=(4-6f)/18f.

The '3C NMR results shown in Figure 2 thus predict that n=1.7±0.2 for ATS as
14

obtained from AFWAL. Referring to Figure 3, an oligomer of p-ATB contains

18n+6 aromatic carbons, 2n methyl carbons, n quaternary carbons, and 4 acety-

lene carbons. Thus, for p-ATB, the fraction of acetylene carbons, f, is

4/(21n+10), and n is equal to (4-10f)/21f. The data in Table 1 predict that

n = 1.45±0.15 for p-ATB. 5

b. 1 3 CNMR Postcure Studies

Postcure studies of ATS samples incompletely cured at 403 K (266 0 F) were

performed. Magic-angle spinning 1 3 C NMR spectra were obtained and analyzed.

These spectra, along with spectra obtained in earlier postcure studies of ATS

samples incompletely cured at 423 K (302 0 F) and 453 K (3560F), are shown in

Figures 4-6. The spectra of the samples before postcuring show the decrease

in intensity of the upfield acetylene resonance peak as the curing time is

increased. The relative areas beneath the acetylene peaks are in agreement

with previous measurements. None of the spectra of the postcured samples con-

tain the acetylene resonance peak. Analyses of the spectra of the postcured

ATS samples cured and postcured at different temperatures have revealed no

significant differences. Thus, the 13C NMR results show no significant dif-

ferences in the chemical structures of the postcured ATS samples for the cure

times and the postcure temperatures used in these experiments.
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It was observed that ATS samples which were postcured without prior curing

at low temperature contained numerous voids, presumedly the result of rapid

outgassing.

180-min cure 420-min cure 2700-min cure

No
postcure

523 K
(482°F)

2 h postcure

543 K
(518 0 F)

2 h postcure

573 K
(572-F)

2 h postcure

GP61-0496-62-R

Figure 4. 13C NMR spectra of ATS resin samples cured at 403 K (2661F) for the indicated times
followed by a postcure for 2 h at the indicated temperatures.
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175 min cure 170 min cure 320 min cure

No
postcure

523 K
(482-F)

2 hpostcureV 
..

543 K
(5 18- F)

2 h postcure

573 K
(572-F)

2 h postcurej

GP31-f140-53

Figure 5. 13C NMR spectra of ATS resin samples cured at 423 K (3020 F) for the indicated times
followed by a postcure for 2 h at the indicated temperatures.

15



0 min cure 20 min cure 55 min cure

No
postcure

523 K
(4820 F)

2 h postcure

543 K
(5187F)

2 h postcure

573 K
(5 720 F)

2 h postcure

GP31-1140-54

Figure 6. 13C NMR spectra of ATS resin samples cured at 453 K (356 0F) for the indicated times
followed by a postcure for 2 h at the indicated temperatures.
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2. 1H NMR Results

In the earlier portion of this study, 1H NMR experiments were conducted on

ATS samples at room temperature after they had been cured at elevated tempera-

tures for various times.3 The results of these measurements were not signif-

icantly different from those of the EPR measurements; therefore, in situ 1H

NMR measurements were made during curing while the sample was at the cure

temperature. The results of these measurements provided additional informa-

tion on the kinetics of cure, and also provided insights into the cure

mechanism.

Several samples of uncured ATS resin were prepared in 5-mm-o.d. NMR tubes

degassed at 393 K (248PF) for 15 min, backfilled with nitrogen gas, and

sealed. Hot air was passed through the 'H NMR probe to maintain the sample

temperature within ±2 K (3.60F) of the desired cure temperatures, i.e., 403 K

(2660F), 423 K (3020F), or 453 K (356 0 F).

The spin-lattice relaxation times measured during an in situ cure study at

423 K (3029F) are shown in Figures 7 and 8 for extended and early cure times,

respectively. The increase in the spin-lattice relaxation time with cure time

is caused by the decrease in molecular motion, and the decrease later in the

cure is caused by an increase in free radicals, observed in EPR measurements.

The spin-lattice results obtained at the cure temperature were similar to

those previously obtained from room-temperature 'H NMR measurements; 3 hence,

they were not continued.

The sampled signals obtained during the cure were computer analyzed to

determine the spin-spin relaxation times and the component fractions. Our

routine analysis technique showed that at least three components were present

during the cure. The preliminary assignments of these components were as

follows:

1. The component with a large spin-spin relaxation time is assigned to the

mobile monomer and low-order oligomers, as these would be expected to have

the highest mobility. This component is designated the mobile (m)

component.

2. The component with the intermediate spin-spin relaxation time is assigned

to either those parts of the higher-order oligomers that are free at one

end so that they can execute semi-unrestricted motion, or to a polymer

having an intermediate molecular weight. This component is designated the

intermediate (i) component.
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Figure 7. Spin-lattice relaxation times for ATS resin during a cure at 423 K (302'F).
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Figure 8. Early cure spin-lattice relaxation times for ATS resin during a cure at 423 K (302'F).
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3. The component with the small spin-spin relaxation time is assigned to

those parts of the polymer that have reacted at both ends and are embedded

in a cross-linked matrix having a large molecular weight (> 20,000) so

that their motion is highly restricted. This component is designated the

rigid (r) component.

Our "routine" analysis technique for determining the components in an NMR

spin-spin relaxation decay had been adequate for the study 'of epoxy resins

where only two components are observed. However, the analysis technique was

not adequate for the study of ATS resins which had three or more components.

Figures 9 and 10 illustrate the uncertainties that resulted from use of our

routine technique to analyze the NMR signals from an ATS sample during an

in situ cure at 423 K (302 0 F).

The spin-spin relaxation times during the cure at 423 K (302 0 F) are shown

in Figure 9. Throughout the entire cure at 423 K (302 0 F) three components

were analyzed, but the intermediate component was not observed after 180 min

of cure. The data for the most mobile and least mobile component have little

experimental error, but the data for the intermediate component are subject to

100 000

• Mobile

S10000

~ 000
Intermediate

0.

10 -Rigid

100 AA,•AA ZXi A• a A A A A• •Z

0 20 40 60 80 100 120 140 .160 180

Time (min)
GP61-0496-22-R

Figure 9. Spin-spin relaxation times for ATS resin during a cure at 423 K (3020 F).
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Figure 10. Component fractions for an ATS resin during a cure at 423 K (3020 F).
Solid lines are drawn for visualization only.

considerable fitting error because of inadequacies inherent in the routine

analysis technique.

Figure 10 shows the fractions of the total signal due to the three

components. At zero cure time the rigid fraction is nonzero; it is initially

equal to about 0.18. This initial observation of a "rigid" component was

caused by contamination in the NMR probe; the contaminant was subsequently

removed. After 1200 min of cure, the mobile fraction is about 0.03, but it

appears to still be decreasing at a very slow rate.

A generalized fitting procedure was developed to analyze the complex NMR

signals obtained from the ATS resin during in situ cure studies. A larger

number of data points were obtained for each NMR signal, thus improving the

uniqueness of the analysis. The generalized fitting procedure was used to

analyze the 1H spin-spin relaxation data obtained in situ on two ATS samples

cured at 40 3 K (266 0 F). The results of this analysis are shown in Figures 11-

15. Because of the importance the fitting routines have in any interpretation

of the data, we present a discussion of the relative merits of the new fitting

procedure as follows.
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Figure 11. Component fractions of ATS during isothermal curing at 403 K (266°F) for two
samples; all line shapes are assumed Lorentzian in character except fr which is
assumed Gaussian. The solid lines are drawn in for visualization only.

The new routine, FCDA, is built about a generalized fitting procedure
114

called ZXSSQ, copyrighted by IMSL. FCDA allows the user to define up to

five component decays to be included in the fit, along with a baseline param-

eter. The form of the fitted equation is then

2

flexp[(-t/T 2 )n,] + f 2exp[(-t/T2 )n 2 ] + .,. + C (3)

where the parameters fj, T2 j and n are the fractional amplitude, spin-spin

relaxation time, and lineshape parameter, respectively, for the jth component

decay, and C is the baseline parameter. Each par-ameter can be fixed or

fitted, depending on the user's input. The user can choose decays to be

Lorenztian, n=1, Gaussian, n=2, or other, n=(user defined or fitted) in

character.

The advantages of using FCDA over previous fitting procedures are the

following:

1) FCDA can accept up to 16384 points, increasing the resolution capability

of a single data set,
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Figure 12. Expanded view of Figure 11 with a linear scale for the cure time. The discontinuities
in fm at cure times of 110 to 160 minutes are mainly due to the relatively small values
of fvm and fr' When the amplitude of a component decay is small, the baseline offset
affects the fit to a much greater degree, increasing the fitting errors. The solid lines
are drawn for visualization only.

2) FCDA releases the user from many hours of work compared to the previous

iterative method, and

3) most important, FCDA will not be affected by possible subjective input in

initial estimates of relaxation times. The previous iterative procedure

required breaking the data into sections, and the method chosen to sec-

tion the data could affect the results, sometimes dramatically.

In cases where the spin-spin relaxation times differ by a factor of three

or more, FCDA generates unique fits, independent of initial estimates. Two

factors will, however, greatly affect the fits, regardless of the fitting pro-

cedure used. These two factors are discussed below.

1) The longest relaxation time, and thus, all the fractional amplitudes, are

critically dependent on the baseline parameter. This dependency is

clearly displayed in Table 2, where the baseline parameter is chosen to

be fixed and is incremented by less than 0.5% of the total initial ampli-

tude (-1 V) for five different fits. Once we understood this dependence
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Figure 13. Spin-spin relaxation times of ATS during isothermal curing at 403 K (2660F) for two
samples; all line shapes are Lorentzlan except Tr which Is Gaussian.

TABLE 2. CHANGES IN THE LONGEST RELAXATION TIME, T2vm, AND ITS
CORRESPONDING FRACTIONAL AMPLITUDE, fm, DUE TO VARIOUS

CHOICES OF THE BASELINE PARAMETER, C.

C T2 m

(V) (ms)

- 0.001 67 0.20
-0.002 85 0.12
-0.003 100 0.085
-0.004 120 0.067
-0.005 140 0.057

GP61-0496-2-R
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Figure 14. Expanded view of Figure 13 with a linear scale for the cure time.

of T 2 vm (vm _=-very mobile, a new, fourth decay time) on the baseline

parameter, we realized that our signal averager, a Nicolet 4094 digital

oscilloscope, does not truly zero co-added spectra that are inverted to

cancel baseline offset problems (the Nicolet has a digital round-off

error). Spectra that were obtained by use of different numbers of co-

added decays thus yield different baselines. For this reason, the data

obtained at 403 K (266 0 F) had to be fit with a variable baseline param-

eter. This greatly reduced the scatter in the data, seen in Figures 11-

15, in comparison to fits where the baseline was fixed at zero volts, as

in Figures 9 and 10. Following this discovery of the problem with the

Nicolet, the baseline on the Nicolet was carefully documented for all

differing co-addition numbers. Calibrating the baseline reduced the fit-

ting uncertainty even more this way.

2) Not surprisingly, the choice of line shape parameter, n., also greatly

affects any fit. In theory, this parameter could be varied during the

fit; however, for most practical cases, we would not obtain unique fits
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Figure 15. The spectrum of spin-spin relaxation times plotted against their respective fractional
intensities for ATS cured isothermally at 403 K (266*F) for two samples. The solid
lines are drawn in for visualization only.

this way. For example, the early cure data obtained at 403 K (266 0 F) can

be fit quite well with only one decay having n-0.8. This makes no physi-

cal sense, and we therefore retain the usual assumptions that a decay

curve having a long relaxation time (>500 Us) will be approximately

Lorenztian (n J=1), whereas a decay curve having a short relaxation time

(<50 Us) will be approximately Gaussian in character (n =2). Although

these assumptions are common in practice, caution must be applied in two

areas:

a) In the region where T 2 falls between 50 and 500 Us, the line-shape

character will not necessarily transform smoothly from Lorentzian to

Gaussian, nor can one assume a sudden transition in the line-shape

character. If a decay relaxes with a T2 J between 50 and 500 Us, then

the fit will have additional uncertainty due to the choice of nj.

b) Additional complexity occurs whenever spin-spin relaxation decays of

mobile, high-molecular-weight polymers are analyzed. It is well-
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known that at a given temperature, there is a critical molecular

weight, M c-10, of a polymer above which spin-spin relaxation

behavior transforms from a single exponential (Lorenztian) to a

multi- (usually two) component decay.15 It is understood that this

phenomenon occurs because of the wide distribution of motional be-

havior present along a long, entangled or cross-linked polymer chain.

When the motional frequencies fall within the NMR time scales

(a105Hz), each motional frequency will result in a different spin-

spin relaxation time. A distribution of frequencies often produces a

decay having two distinct relaxation rates, one close to each end of

the motional frequency (or spectral density) distribution curve.

Thus, we must cautiously interpret component decays in a spin-spin

relaxation curve. If two decays are observed to be comparable to each othervm m
(< a factor of about three), as with T2 vm and T2 in Figures 13 and 14, then

thesedecays may result from

(i) two molecules having different molecular weights (MW), both

less than Mc, giving rise to two average motional frequencies

>10Q Hz, or

(ii) one molecule having a MW greater than Mc , or

(iii) a mixture of molecules having a MW distribution producing a

distribution of motional frequencies that are Z10 Hz.

For case (iii), if we assume that the various molecules have similar

reaction rates during a cure, then the component fractions of the two spin-

spin relaxation times observed should parallel each other. If, on the other

hand, the reaction proceeds by consuming species of low MW to form oligomers

of higher MW, then the component fractions would cross. For case (ii), the

component fractions should parallel each other exactly. Case (i), on the

other hand, could result in any behavior for the component fractions, depend-

ing on the reaction mechanism involved.

Spin-spin relaxation times, T2 j, as shown in Figures 13, 14, and 15,

reflect the motional behavior of the hydrogens being observed. Simply stated,

as hydrogens move faster in a material, the T 2 representing those hydrogens

gets larger. This statement is not correct in general; fast restricted mo-

tions are not nearly as efficient at increasing T2 as are fast isotropic

motions. However, we use the general notion of faster motions increasing T2 j
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in the labeling; j=vm for very mobile, j=m for mobile, J=i for intermediate,

and j=r for rigid.

Now consider the data shown in Figures 11-15. Keeping in mind that

during the cure, the low-MW material reacts according to some mechanism, we

point out the following important features of the data:

1) T2 and fj vary smoothly during the cure (see Figures 11-15). These data

illustrate the uniqueness of the fits (the initial estimates were changed

considerably from fit to fit) since the fits do not jump from one solu-

tion to another (as opposed to the fits shown in Figure 9). Qualitative

information from the fits therefore are accurate.

2) The T2 i's parallel each other, as shown in Figures 13 and 14, whereas the

fi's cross, as shown in Figures 11 and 12. This crossing clearly indi-
J 4

cates that two T2 's are not attributable to any one species during the

cure (case ii). It is still possible, however, that two T2 's result

from either two separate species, or from a mixture of species having a

distribution of molecular weights (case i or iii).

3) Values of f and f are appreciable at the beginning of the cure,vm m

whereas f remains <0.10 for more than 100 min. It is impossible to dif-r

ferentiate, from the data currently available, whether f and f arevm m

attributable to a monomer and an oligomer having a specific MW, or to a

distribution of monomer and low-MW oligomers. Size-exclusion chromatog-

raphy experiments would help resolve this question. The ratio T2 Vm/T 2 m

of -2.55 can be used to estimate the MW differences. Low-MW polymers in

solution follow the relationship1
6

T2 • (MW)-0.5 (4)

During the early stages of cure, Equation (4) should be approximately
true. If we assume f represents a monomer of MW=-451, then f would

vm m

arise from an oligomer of MW-2700, or containing -6 monomer units.mi

4) T2 m/T 2 initially is > 7. This large ratio, along with the observation

of essentially zero fr during the first 100 minutes of cure, indicates

that f is most likely attributable to polymer species having a fairly

narrow MW distribution. Extrapolation of Equation (4) for f. yields anI

approximate average MW of 2 x 105 for this component. This MW is an or-

der of magnitude greater than M for common polymers. It would be ex-

c
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pected then that we should observe two T 2
ts from this intermed iate-MW

polymer (case ii). One possible explanation for our observation of just

one T 2 is the highly aromatic, unsaturated nature of ATS. The backbone

motions involving any hydrogens in ATS will be relatively rigid in com-

parison to the aliphatic backbone segments in most common polymers. The

motional distribution of the intermediate-MW polymer species in ATS would

not include the higher frequencies of most high polymers. This lack of

higher motional frequencies in ATS is intrinsically related to its high-

temperature properties, and the narrower distribution of motional fre-

quencies present in ATS might be expected to lead to the observation o~f

just one T 2 for ATS polymer species.

A mechanism for the cure, which is consistent with the data shown in this

report, is as follows:

k d
I -- +* 2R- (5)

k
R- + M -- + M1* (6)

k
M'+ M 2+M 2 ' (7)

k
M + +M- 2 4 M .(8)
x X+ I

Mx+ M ktM (9)

M +M k. (10)
x z X+z

The notation follows Flory; 17I is an initiator species which we will not

attempt to define here; R* is the primary reactive radical species; M is the

mono mer. M x My , and Mzare polymers where x and z are less than 300, and y

is about 300 (from the T 2 ratios); Equation (9) includes both bimolecular cou-

pling or disproportionation terminations, M abeing symbolic only; and P *+Z is

the cross-linked polymer, which can continue to react.
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The reaction scheme incorporates the notion that the intermediate com-

ponent i is a single, fairly narrow MW-distributed polymer species (with

y-300). Once initiation occurs, polymerization proceeds rapidly until ter-

mination occurs, i.e., kdtka'kt<<kp. This reaction pathway continues until

the viscosity of the mixture becomes high enough to force two effects:

(i) cross-linking begins to occur, i.e., kc increases substantially, and (ii)

the termination mechanism(s) slows, i.e., kt decreases. The increase in kc is

simply attributable to the gel point. The decrease in kt in some ways

resembles autoacceleration (or the Trommsdorff effect) in that normal termina-

tion of the free-radical polymerization is slowed dramatically by the vis-

cosity increase. Although there may not be a direct one-to-one correspondence

to termination and radical decay, the assumed decrease in kt is consistent

with the EPR measurements, in which substantial increase in the free-radical

concentration is observed only following an induction period similar to the

period of delay seen here in the appearance of fr (see the discussion in

Section IV). For the mechanism suggested here, we have not considered the two

fractions f and f as separate, since interpretation of these fractions isvm m

speculative.

If kd ka<<kp, we should observe a first-order reaction of monomer. From

Equations (5-9), we obtain

1/2

-d[M]/dt = kp (K/k t) [M] (11)

where K depends on the initiation reactions, Equations (5) and (6), and is

usually constant.17 This approximate first-order reaction of monomer is shown

in Figure 16, where f and f have been summed. Autoacceleration in commonvm m

polymers occurs because of the decrease of kt in Equation (11) with increasing

viscosity. But for ATS, the cross-linking reaction involves k which almost

certainly will stay <kp, but may increase as k decreases. This increase in
P. t

kc will cancel, to some extent, the decrease in kt, and acceleration in the

extent of reaction during the cure may not necessarily be observed.

High-resolution (HR) 1H NMR spectra were obtained in situ on ATS at 423 K

(302 0 F). The objective of this experiment was the following. If f is at-m

tributable to an oligomer containing 6 monomers as estimated from T2 ratio$,

then we would expect to see a dramatic decrease in the fractional content of

the acetylene peak, f acet' in the HR.1 H spectra during the cure; see Figure
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Figure 16. Approximate first-order uptake during early curing of ATS at 403 K (2661F). The
component fractions 4vm and fm from Figure 12 are summed to obtain the squares;
f, are the circles. The first-order rate constant is k, - 4.0 x 1 0 -5 S-1.

17. We would not expect to observe fi or fr in the HR 'H spectra because of

their dipolar broadness, and facet would therefore decrease as

facet 0.11f vm + 0.02f (12)

The value 0.11 results from the ratio of 1 of 9 hydrogens on an ATS

monomer being acetylenic; similarly, 1 of 51 or 0.02 hydrogens on an oligomer

containing 6 monomers would be acetylenic. After heating ATS for 120 minutes

at 403 K (266 0 F), see Figure 12, f acet-0.11 x 0.2 + 0.02 x 0.55 = 0.033, down

from -0.09 at the beginning of the cure. If the curing reactions are simply

accelerated at the higher temperature, then the results of the 423 K (302 0 F)

cure would be the same, but would occur more rapidly. Curing at 403 K (2660F)

in the HR spectrometer was not attempted because of problems in externally

locking the magnetic field for a longer time than one hour. The results of

the 423 K (2660F) cure experiment are shown in Table 3.
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Chemical shift (ppm)
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Figure 17. High-resolution 1 H NMR spectrum of ATS cured 19 minutes in situ at 423 K (3021F).
The fraction of acetylene hydrogens (facet) is the ratio of the acetylene peak to the
total area.

TABLE 3. HIGH RESOLUTION 1H NMR RESULTS

ON ATS CURED AT 423 K (3020 F).

Cure time
(min) acet

14.5 9.1± 1
16.0 8.7
19.0 10.3
22.0 10.2
26.0 10.0
30.0 9.7
34.0 8.4
39.0 8.4
44.0 8.5
54.0 8.7
60.0 9.7
65.0 10.4
70.0 11.8
75.0 13.0±4

GP61-0496-3-R
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The initial impression from Table 3 is that only monomer species are

being observed in the HR 1H spectra; or, more likely, that the monomer:olig-

omer ratio remains fairly constant during the cure. The 423 K (3021F) spin-

spin relaxation data, on the other hand, could be fit reasonably well with

just three components; see Figures 9 and 10. This result suggests that f inm

the 403 K (2660F) cure spin-spin relaxation data (see Figures 11 and 12) might

be an artifact of the lower temperature, which lowers M . On the other hand,c

we cannot eliminate the possibility that the monomer:oligomer ratio changes

during the 403 K (2660F) cure according to f vm:fm, as shown in Figure 12,

whereas the monomer:oligomer ratio does not change during the 423 K (302 0 F)

cure. The 453 K (3560F) data, however, suggest that the cure mechanism is

similar, irrespective of cure temperature. The HR IH NMR results, therefore,

appear to contradict the 'H spin-spin relaxation results. The experimental

difficulties with broad signals being lost to the baseline in the HR H NMR

data make the data in Table 3 difficult to interpret.

Results of the generalized computer fitting of the 'H NMR spin-spin

relaxation data of ATS resin cured at 453 K (3560F) are presented in Figures

18-23. Again, the super-/subscripts used in the figures refer to the average

motional characteristics of the species involved: vm=very mobile, m=mobile,

i=intermediate and r=rigid. Figures 18-20 were obtained by assuming that the

decay curves consisted of two Lorenztian plus one Gaussian (fr and T2 r )
decays. The data could be fit slightly better by assuming three Lorenztian

plus one Gaussian decays, and the results of analyzing the data by use of this

assumption are shown in Figures 21-23. It is pointed out here that these data

were affected by the introduction of the sample into the NMR probe. The

sample was taken at room temperature, -298 K (77 0 F), and was suddenly immersed

in the probe at time t=O at 453 K (3561F). The warming of the sample can be

seen in Figures 18 and 21 from the initial increase of fmfvm and correspond-

ing decrease in f
r

An important aspect of Figures 18-23 is the continued change of fr' fi

and T2 i at long cure times. This change does not occur for the 403 K (266 0 F)

cure; see Figure 11. Because of the high sensitivity and quantitative in situ

nature of the measurements, 'H NMR could be considered as a long-cure monitor

for selected materials.
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Figure 18. Component fractions of ATS during isothermal curing at 453 K (356 0F). These data
were fit using the 2 + 1 assumption; f. and f, are assumed Lorentzian in lineshape
character, fr is assumed Gaussian. The behavior of the data from 0 to 2 minutes does
not conform to first-order kinetics because of sample heating from -298 K (77"F) to
453 K (3560 F).

Figure 24(a-d) displays the results of two fits to the same, representa-

tive, relaxation decay. Curve (a) displays the 2 Lorenztian plus 1 Gaussian

(2+1) fit, whereas curve (d) shows results of fitting 3 Lorenztians plus 1

Gaussian (3+1) fit. Curves (b) and (c) were obtained by subtracting the 2+1

and 3+1 fitted curves, respectively, from the actual data. Curve (b) shows

that the error of the 2+1 fit is >4% of the initial total intensity at t=O.

Curve (c) shows that the 3+1 fits have no errors larger than the scatter in-

trinsic to the data: about ±1%.

Comparison of the two different assumptions is shown most clearly in

Figure 25, where f and f from the 3+1 fits have been added together to
vm m

simulate f from the 2+1 fits. The qualitative information is essentially them
same between the two fitting procedures, except for the fact that the 3+1 fits

contain more information than the 2+1 fits. In Figure 26, a comparison of the

solid squares, obtained from the 2+1 fits, tothe solid triangles, obtained
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Figure 19. Spin-spin relaxation times of ATS during isothermal curing at 453 K (356°F). These

data were fit using the 2+ 1 assumption; T2m and T2I are Lorentzian, T2r is Gaussian.
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Figure 20. The spectrum of spin-spin relaxation times, T2 , plotted against their respective

fractional Intensities for ATS cured isothermally'at 453 K (3561F). These data were fit
using the 2+1 assumption.
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Figure 21. Component fractions of ATS during isothermal curing at 453 K (356*F). These data
were fit using the 3+ 1 assumption (compare with Figure 18); fvm, fm and fi are
Lorentzian, fr Is Gaussian. The behavior of the data from 0 to 2 minutes does not
conform to first-order kinetics because of sample heating from - 298 K (77'F) to 453
K (356 0F).

from the 3+1 fits, shows that even the quantitative information from the two

fitting assumptions is nearly identical.

The data in Figures 18 and 21 closely resemble consecutive first-order

reactions behavior, at least during the early cures. Figure 27 shows fits of

the early cure analysis of Figure 18 to the standard equations derived from
18

two consecutive first-order reactions. Similarly, Figure 28 shows fits to

the early cure analysis of Figure 21 to the equations

[A] = [A] 0 exp(-kat) (13)

[ exp(-kat) -exp(-kbt)

o A a kb k ka
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Figure 22. Spin-spin relaxation times, T2, of ATS during isothermal curing at 453 K (356'F).
These data were fit using the 3 + 1 assumption (compare with Figure 19); T 2 vm, T 2 m

and T2
1 are Lorentzlan, T 2 r is Gaussian.

ECI [A] k ak b exp(-k at) exp(-k bt) +(kb -k a)exp(-k ct)[c] = CA]okab j~- (15)
0o b k a kC- k a kc-kb (k0- ) a(k c- k b

ED] [A] 1 exp(-kat) kb+ a)- exp(-kbt)(a+ kc-kb0D k b"] k kba a b cko a )bkc-

exp(-kct) (kaba) ]b (16)

which derive directly from the reaction scheme

k k k
- ..a > B > C - D
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Figure 23. The spectrum of spin-spin relaxation times, T2 , plotted against their respective
fractional intensities for ATS cured isothermally at 453 K (356"F). These data were
fit using the 3+ 1 assumption.

with the assumption that only A is present at t=O. The one-to-one correspon-
dence used for the fits was fvm [A], fm + r [vm mA [B],fl [Ci and f [D].

Although it appears implausible that ATS reacts according to Equation

(17), the relatively good fit of Equations (13)-(16) to the data shown in

Figure 28 requires further analysis. Any consideration of free-radical

polymerization of ATS should include cyclization, as proposed by Pickard, et
2

al., and/or the phenylnapthalene-forming intramolecular cyclization reaction
(IMC) as proposed by Reinhardt and Arnold. 1 9 As shown in Figure 29, IMC will

be favored over continued free-radical addition if the third ATS monomer

attacks a cis-trans biradical, and if the benzene rings have it-bonding overlap

which favors planar geometry with the conjugated diene. If the biradical (a

true biradical is not necessary for this discussion; we refrain from

speculating on the exact nature of the intermediate radical) is trans-trans,

as shown in Figure 30, one of two mechanisms can occur: (1) the benzene rings
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Figure 24. Comparisons of 2 + 1 to 3 + 1 assumptions fitted to the raw data obtained in situ on
ATS cured at 453 K (356 0 F) for 6.0 min (no rigid component is observable yet);
(a) shows the 2 + 1 fit with components (offset - 5%) and the raw data; (b) shows the
difference plot of the fit in (a) to the raw data; (c) shows the difference plot of the fit
in (d) to the raw data; (d) shows the 3 + 1 fit with components and the raw data. Note
that the 3 + 1 fit, (c), displays no error greater than the signal-to-noise, whereas the
2 + 1 fit, (b), is > 4% from fitting the beginning of the decay.

rotate out of the plane of the diene and free-radical addition continues, or

(2) IMC or cyclization occurs (Figures 29 and 30 show a slightly modified

mechanism for the IMC from Reference 19). The relative stability of these

reactions will be affected by the energy necessary to rotate the benzene rings

out of the plane of the butadiene moiety. It is possible that this energy is

significant, since, in the planar arrangement, iT overlap between the

conjugated diene and the benzene ring might occur.

Studies of the rotational barriers in substituted styrenes should give

some indication of the similar rotational barriers in ATS. Meta- and para-
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Figure 25. Direct comparison of the 2 + 1 and 3 + 1 fitting assumptions; the open symbols are the
2 + 1 data obtained directly from Figure 18, whereas the filled symbols are from
Figure 21. fvm and fm of Figure 21 are summed to obtain the filled circles. The solid
lines are drawn for visualization only.

-1
substituted styrenes are often found to have 10-13 kJ mol barriers to rota-

20
tion of the ethenyl moiety away from the phenyl plane. Styrene is found to

-1 21-23
have a slightly larger barrier to rotation of 13.5 kJ mol . If the sty-

rene is a,ý-substituted, on the other hand, steric effects predominate, and

the minimum energy conformation is often skewed away from planar, with the

barrier to rotation having its maximum for rotation through the phenyl

24
plane. Thus, we see that the n-overlap or hyperconjugation energies which

favor planar conformations compete against steric effects because of side

chains. Ab initio calculations21 have given considerable insight to the con-

formations of styrene, and might possibly be extended to studies of larger

systems. Carreira and Towns point out that only the ground state of styrene
20

and substituted-styrene molecules have been studied. During reactions, the

transition-state styrene moiety appears to favor the planar conformations much

more than studies on the ground state have indicated. 2 0
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Figure 26. Comparison of the fraction acetylene obtained from 1 3 C and 1H NMR measurements.
The solid triangles, obtained from f,, + fm of Figure 21, and solid squares, obtained
from fm of Figure 18 show that the 2 + 1, 3 + 1 assumptions are not qualitatively
important for deriving facet. The open triangles are shifted by 20% from the open
diamonds, and show that the 13C and 1H NMR results at 403 K (266*F) disagree more
than experimental error. The solid lines are exponential best fits to the 13C data with
k=1xl0- 3, 7x10- 5 and 4.5x10- 6 s- 1 for the 453 K, 423 K, and 403 K cure
temperatures, respectively. The dashed lines are exponential best fits to the IH data
with k = 2 x 10- 5 and 1.3 x 10- 4 s- 1 for 403 K and 423 K cure temperatures,
respectively.

Since a simple resonance structure between the butadiene and the benzene

ring is not possible with the meta substitution (it is, however, likely for

the para substitution), free-radical polymerization is most likely a stable

reaction pathway, at least for moderate degrees of polymerization. Moreover,

the 1H NMR spin-spin relaxation data imply that trimerization (or higher-order

cyclization) is not the major reaction pathway. A broad distribution of

molecular weights, consisting of 3, 5, 7, ... monomer units, would be expected

in a scheme wherein trimerization is predominant. In this case, 1H spin-spin

relaxation would show at most two relaxation decays, not the three or four

observed. Thus, a mechanism consisting of simple consecutive first-order

reactions as shown in Equation (17) appears to be improbable. Still, the data
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Figure 27. Successive first-order reactions fitted to the early cure data shown in Figure 18. The
rate constants are kI = 0.0026 s-1 and k2 = 0.0018 s-1. The non-first-order behavior of
the data in the first 2 minutes (at least) is due to sample heating.

shown in Figure 28, specifically fm, suggest that cyclization (but not neces-

sarily trimerization) and/or IMC may be important reaction pathways; more ex-

perimental evidence is needed to substantiate this speculation.

Referring to Equation (4), we reintroduce the use of T2 ratios to deter-

mine approximate average molecular weights (MW) of the various fractions

during the cures. Earlier, we used the ratio

T2 1MW2

* 2  MW(18)T2 •MWI/

to estimate the MW, and suggested that the MW ratio of f to f is -6. If,
m vm

on the other hand, trimerization is responsible for f , then the ratio would

be 3. Instead of T.2 • (MW) -05, we would have T! (MW)-.. The MW of f. in the
1

case of inverse proportionality would then be -30 monomer units instead of 300

(this could be lower still; in fact, the exponential dependent of T2 on the MW

41



1.0 I I I I

0 fr A-
0. 8 Df

A 0f

o 0.6 .-. *

4-.. 0-

00 00

0. 0
0. 0..4.

E 0 Co. e.d o ,, *... - ....

0.2,,.0 E 0 ... 0" .
/A

0 ,,y00, A. A" ° o o ........ . . ......
-a:~AAA 0""A E.'-I-------- 0 0

0 4 8 12 16 20 24

Cure time (min)

GP61-0496-35-R

Figure 28. Successive first-order reactions fitted to the early cure data shown in Figure 21.
A fairly good set of rate constants to fit the data is k, = 0.005 s-1, k2 = 0.003 s-1, and
k3 = 0.0027 s-1. Curve A has k3 = 0.0054 s-I and a time displacement of - 2 minutes,
curve B has k3 = 0.00297 s-1, and curve C has k3 = 0.0023 s-1. The relatively good fit
to first-order kinetics displayed here in the first 2 minutes, as opposed to Figure 27, is
not understood. It should be noted, however, that the 1.5 minute point displays much
more than the average error for the rest of the data.

must go to infinity as the MW + -). This shows the extremely rough nature of

this approximation. Without some additional evidence, we can say with convic-

tion only that there are at least three distinct components due to polymers of

fairly well-resolved MW in the ATS system during cure. In addition, fi ap-

pears to be due to a polymer of fairly narrowly distributed MW, and whose

average molecular weight is >104. but less than 1.5x105.

Figure 26, presented earlier, compares 13C CP/MAS NMR studies, as

presented in Section III la, with the 'H NMR spin-spin relaxation results.

The open symbols in Figure 26 represent the fractional intensity of the

acetylenic carbons, f acet' observed in the 13C solid-state NMR spectra. The

solid lines resulted from least-squares fitting of the 1
3C results to simple

exponential decays (i.e., first-order reaction of acetylene moiety). The
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Figure 29. Suggested reaction pathways for cis-trans free-radical polymerization of ATS
assuming head-to-tail addition throughout. Cis-trans polymerization can avoid
intramolecular cyclization (IMC) only if the aromatic rings rotate considerably out of
the diene plane. Since para-substituted ATS may contain an -40kJ mol- 1 barrier to
this rotation, termination may occur with each para-ATS (comprising -5% of the
orginal monomer mix) addition.

solid squares, circles, and diamonds are the estimated facet from 'H spin-spin

relaxation data fitted with the 2+I1 assumption (results shown in Figure 18)

obtained at 45 3 , 423 and 403 K (356, 306, and 2660F) cure temperatures,

respectively.

facet is estimated from the 'H spin-spin relaxation data in the following

way. First we assume that fm in Figure 18 represents all the monomer in the

system at any time during the early cure. Each monomer that disappears repre-

sents the consumption of one acetylene group (of the two on any monomer).

During the early cure, this observed reaction of monomer constitutes the major

decrease in acetylene moiety. From these assumptions, we estimate

facet 1 1 - 0.5(0-fm) = 0.5 + 0.5fro

1/2
- 0.5 + 0.5exp[-kp (i/kt) t] (19)

The exponential dependence arises from the first-order reaction, as discussed

in reference to Equation (11). During the early cure, Equation (19) should be
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Figure 30. Suggested reaction pathways for trans-trans free-radical polymerization of ATS
assuming head-to-tail addition throughout. (a) trans-trans polymerization is seen to be
sterically unfavored; the aromatic rings must necessarily rotate 900 out of the diene
plane. (b) and (d) are additions resulting in cis-trans moieties, and will produce IMC
unless significant rotation of the aromatic rings away from the diene plane occurs.
(c) shows a route which is neither cis-trans nor trans-trans; this route will almostcertainly cyclize, however, with the next addition.

fairly accurate. To check how far into the cure this is true, we make the

assumption that any increase in fr decreases fae exponentially in time as

r ace

facetmonomer [P1-exp(-k0t)-]

where k is a new reaction constant, according to the rate of crosslinking
clate in the cure, and (fd) are on is the fractional intensity of acetylene

(f cet)moome a1etp- monome

from monomer species. This assumption provides an approximation of

facet [0.5+.0.5fm ][1-f r]

- {0.5+0.5exp[-kp (Kc/kt) 1/2 exp(-kct) (20)
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The assumptions which are most serious in Equation (20) are that kc and kt are
constants; in reality, they change with cure time. A reasonable approach to

adjusting for changing kc and kt is to define a transition in the two rate

constants at the gel point; i.e., define one set of constants before the gel
point, and another set, kc larger and kt smaller, after the gel point. We

shall not proceed along this line of reasoning. Figure 31 shows the results

of Equation (20) for k -0.05 s- (solid diamonds) and k "0.001 s- (solidc c
circles). From these results, we can see that Equation (19) is a good approx-

imation when f acet0.55; the rate of crosslinking does not significantly af-

fect the calculation in this region. Equation (19), then, was used to gener-
ate the facet values, shown in Figure 26, calculated by use of the IH spin-

spin relaxation data.

The 1H and 1 3C data in Figure 26 agree quite well with the 453 K (3560F)

curing data. The solid triangles represent facet calculated by summing fvm

and f in Figure 21 together, and using the sum in Equation (19). Again, them

agreement is well within the experimental error. As stated previously, this

clearly displays the relative unimportance of the 2+1 and 3+1 assumptions for
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Figure 31. Acetylene consumption in ATS cured isothermally at 423 K (3061F) predicted from
IH spin-spin relaxation data.
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interpretation of the 1H spin-spin relaxation data for information on the de-

gree of cure.

The agreement between the 'H and 1
3C data begins to suffer in the 423 K

(306 0 F) curing runs. The two sets of data are, however, within the error of

the experiment because of the uncertainty of the temperature, ±2 degrees. A

horizontal error bar is drawn in Figure 26 to display the uncertainty. The

403 K (2660F) data, on the other hand, suggest that something other than ex-

perimental uncertainty is causing the differences between the 'H and '3C data

for this cure temperature. In this case, the data are separated much more

than the experimental error would allow. One possibility for the difference

is the in situ versus room-temperature methods by which the 1H and I 3 C spectra

were obtained, respectively. This difference should affect all the data,

however, not just the 403 K (2660F) cure. Because of the large scatter in the

1
3C data, the open triangles were obtained by dividing the data represented by

the open diamonds (the original data) by the estimated largest random error

possible in the data, 0.82, thus proving that the deviation in the 1H and 1
3C

data is not the result of random errors in the analysis of the data. There is

no special reason, however, for assuming first-order kinetics throughout the

cure, as the fitted lines imply; as we shall show, systems such as ATS behave

differently.

Since the 'H and 13C provide useful information in different cure

regimes, i.e., in the early and later cures, respectively, non-first-order

kinetics may yet allow that both sets of data are accurate. Final confirma-

tion that the 1 3C results for a cure temperature of 403K (2660F) are in error

comes when these results are compared to differential scanning calorimetry

(DSC) and Fourier transform infrared (FT-IR) results. This discussion is

deferred to Section IV.

The proton-deuterium chemical exchange reaction between ATS and

deuterated ethanol (EtOD) was examined by liquid 1H NMR. This measurement was

performed to determine if deuterated samples could be made for FT-IR studies.

To an -10% solution of ATS in toluene was added --20% EtOD, and the NMR spec-

trum was recorded. At this point no significant exchange had taken place, as

indicated by the fact that the terminal-acetylene proton resonance remained in

the spectrum. We then added <5 mg of Na metal to the solution, which was sub-

sequently re-examined. At this point, the near absence of the resonance line

of the terminal acetylene protons verified that exchange had taken place.
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Thus, a slightly alkaline environment catalyzed the exchange reaction. A

preparative scale exchange reaction was not conducted due to limited time.

3. EPR Results

a. EPR Isothermal Cure Studies

Baseline data were collected on the uncured AT resins. It was determined

that some radicals were present in the uncured resins and that the concentra-

tions were about 1% of those obtained after -90% cure. The signal observed

from the uncured ATS resin was similar to that observed after curing, but had

some subtle differences in line shape and linewidth. When the ATS resin was

dissolved in toluene, a single EPR line having a width of - 1.0 mT was ob-

tained. No resolvable hyperfine components could be distinguished; however,

the presence of unresolved hyperfine components could be inferred from the

overall broadness of the spectral line. It is likely that the radicals ob-

served both before and after curing the ATS are delocalized into a conjugated

double-bond system; this can explain the radical stability and the unresolved

spectrum.

The m-ATB resin was not successfully monitored by EPR in toluene

solution; however, data were obtained at low viscosity by monitoring of the

EPR signals while the samples were at the cure temperature. Samples of m-ATB

and PPPA were cured at 413-423 K (284 0-302 0 F) and monitored at the cure tem-

perature by EPR.

Both samples produced similar spectra, as shown in Figure 32. Instead of

the single, broad (1.0-1.5 mT peak-to-peak) resonance line typically observed

at room temperature, the spectra observed at 413 K (2840F) show partially

resolved hyperfine structure. Thus, eight resonance lines separated by

0.15 mT are clearly seen. The enhanced resolution at 413 K (2840F) is

apparently the result of thermally activated motional averaging of the aniso-

tropic magnetic interactions that would otherwise broaden the spectral lines.

The observed first-derivative EPR spectrum for PPPA in Figure 32 is

qualitatively similar to what would be a less-resolved version of the spectrum
25

reported by Whitte et al.. for polyphenylacetylene. Thus, some of the free

radical species suggested by these authors may be relevant to our m-ATB and

PPPA studies.
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PPPA (first derivative)

PPPA (second derivative)

mn-ATB (second derivative)

GP6 1-0496-60-

Figure 32. First- and second-derivative spectra of partially cured PPPA and m-ATB. Electron-nuclear
hyperfine structure is partially resolved.

The behavior of the m-ATB and PPPA samples was similar in that upon heat-

ing at 413-423 K (2840-3020F) for -10 h, both samples lost their resolved

spectral structure. This change may have been due to decreasing mobility as

curing progressed. On the other hand, these samples behaved differently from

each other in that m-ATB showed significant net radical production following a

-400 min induction period, whereas PPPA showed an induction period only, which

lasted longer than 800 min.
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A sample of m-ATB was cured at 413 K (2 480F) for -2 h, and was then ex-

amined by use of electron-nuclear double resonance (ENDOR) in the hope that

resolved ENDOR spectra could help determine the structure of the radical ob-

served during curing of ATS and m-ATB. Although the sample had shown par-

tially resolved hyperfine splitting in the normal electron paramagnetic

resonance (EPR) spectrum (Figure 32), no resolved spectral lines were found

with ENDOR.

Following the baseline and qualitative line shape measurements discussed

above, we collected EPR spectra from the AT resins at selected times during

isothermal curing. A typical spectrum consisted of a single EPR line having a

near-Gaussian shape and a width of about 1.0 to 1.5 mT. The growth in the

signal intensity occurred on the same or slightly longer time scale as that of

the curing process, as determined by changes in NMR and FT-IR spectra, sample

viscosity, and DSC measurements. Thus, production of radicals is assumed to

be associated with the curing process.

In the earlier portion of this study, 3 EPR spectra were obtained from ATS

samples at room temperature after they had been cured at three different

elevated temperatures for selected times. The free-radical concentrations

were determined and plotted as a function of cure time. These plots are shown

in Figures 33 and 34. There are three distinct regions of interest in these

curves. First, at early stages of cure, there is an induction period during

which net radical production is low. Second, there is a region in which radi-

cal concentration increases linearly with log(t), where t is the cure time.

Finally, after the curve maxima is a third region in which the radical con-

centration decreases with time. Samples cured at the highest temperature

produced radicals at the highest rate, but had the smallest concentration of

free radicals at the maximum. Conversely, samples cured at the lowest tem-

perature produced radicals at the lowest rate but had the largest concentra-

tions of free radicals at the maximum. The fact that samples cured at dif-

ferent temperatures have different radical concentrations at comparable de-

grees of cure (as determined by FT-IR, DSC or 1
3C NMR) makes EPR signal inten-

sity an independent parameter for determining the cure state of a given

sample. Relevant EPR cure parameters for isothermally cured ATS are listed in

Table 4.
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Figure 33. EPR signal intensities for ATS as a function of cure time at early stages of cure. The
presence of an induction period at short cure times indicates inhibited net radical
production.

The reaction kinetics for EPR data from ATS samples cured isothermally at

p403 K (266wF) and at 453 K (356fF) have been analyzed in terms of successive
first-order reactions. The model employed is not necessarily unique, and it

does not include the effects of viscosity; however, it is simple and produces
curves that fit the data fairly well.

In this model it is assumed that ATS (species A) reacts to form a non-

paramagnetic intermediate (species B) which then reacts to form the free radi-

cal (species R.). For example, the 'H NMR spin-spin relaxation data presented

in the previous section suggest that species B could be a non-crosslinked

polymer, which could be formed by free-radical polymerization and then be

rapidly terminated to become diamagnetic. Radical R. could then be produced

during crosslinking and be protected by the resulting immobile network.
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Figure 34. EPR signal intensities in ATS as a function of cure time.

TABLE 4. EPR CURING PARAMETERS FOR ATS.

Peak radical Cure time at
Cure concentration peak radical

temperature X 10-17 concentration
[K (F0)I (spins/g) (min)

403 (266) 38 12,000
423 (302) 32 1,700
453 (356) 25 240

Finally, the radical (R-) gradually decomposes to another nonparamagnetic

species (species C). This sequence is expressed by the following equations:

k, (21a)
A -- > B

(21b)

k3  (21c)
R---> C

where kj, k2, and k, are the rate constants and all reactions are first order.
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Equation (21a) is introduced to explain the initial induction period ob-

served in the EPR data. R- does not significantly increase until enough time

has elapsed for the concentration of its precursor, species B, to build up.

Equation (21b) describes the production of radical R.- after the induction

period, and Equation (21c) describes the gradual decay in radical concentra-

tion observed at long times.

Integration of the first-order differential equations corresponding to

Equations (21) yields the following equation, identical in form to Equation

(15), for the concentration of radical as a function of time, t:

[R.] = Aoklk 2 t(_exp (-klt) exp (-k 2 t) + exp (-k 3 t) _(22)

k 3-k1 ) (k 2 -kj) (k 3-k 2 ) (k 2 -kj) (k 3-k 2 ) (k 3-kj)

At the limit k, >> k 2 , and k 2 >> k 3  0, this expression reduces to a simple

exponential growth in radical concentration as expected:

ER-] = Ao [E - exp (-k 2 t)] (23)

where Ao is the value of [R.] at long times.

The 403 K (266 0 F) and 453 K (356 0 F) curing data were analyzed by use of a

nonlinear least-squares routine to fit Equation (22) to the experimental data.

The values for parameters A0 , kj, k 2 , and k 3 were obtained and are shown in

Table 5. The 423 K (302 0 F) data could not be analyzed by this fitting proce-

dure because no data points were collected after the maximum radical concen-

tration was reached. However, approximate values of Ao and k2 were obtained

by comparison of the 423 K data with the data taken at 403 K and 453 K. These

results are included in Table 5.

The curves calculated for the 403 K (266 0 F) and 453 K (356 0 F) data are

shown as solid lines in Figures 35 and 36. The fits are generally good, al-

though at long times (i.e., where the radical concentration is decaying), the

fits are poorer because the calculated values of k 3 are so small. By forcing

the values of Ao to be 39.8 and 25.2 x 1017 for the 403 K (2660F) and 453 K

(3560F) data, respectively, we obtained values of k3 that resulted in a better

fit of the theoretical curve to the experimental data at long times; however,

the quality Qf the overall fit was somewhat reduced. These new values of the
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TABLE 5. PARAMETERS DETERMINED FROM LEAST-
SQUARES FIT OF EPR DATA.

Cure 403 K 423 K 453 K
temperature (2660F) (302-F) (356 0 F)

A0 (spins/g): 37.8 x 1017 32 x 1017* 23.7 x 1017

k, (s- 1): 2.3 x 10- 4 -- 1.8×X10- 3

k2 (s- 1 ): 1.0x 10-5 6.1 x 10-5* 4.8x 10-4

k3 (s- 1 ): 4.4x 10-8 1.2x 10-6

*These parameters are estimates, not from least squares

analysis.
GP61-0496-5-R
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Figure 35. Fits of Equation 22 to ATS curing data collected by EPR. Curing temperature
is 403 K (2661F).

calculated parameters are shown in Table 6. Plots of the theoretical curves

made with these parameters are shown as dashed curves in Figures 35 and 36.

One additional fit of Equation (22) to the 45 3 K (3560F) data was made.

In this case a large value of A. (32.8 x 10"7) was used to test the hypothesis
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Figure 36. Fits of Equation 22 to ATS curing data collected by EPR. Curing temperature
is 453 K (356*F).

TABLE 6. PARAMETERS DETERMINED FROM FORCED
LEAST-SQUARES FIT OF EPR DATA.

Cure 403 K 453 K
temperature (266 0 F) (356 0 F)

A0 (spins/g)a: 39.8x 1017 25.2x 1017
k, (s- l): 3.5 x10-4 2.3×x10- 3

k 2 (s- 1 ): 8.9x 10-6 4.Ox 10- 4

k3 (s- 1 ): 8.2x 10-8 4.5x 10-6

aNot calculated, but forced to equal
this value.

GP61-0496-6-R

that the A. values for the 403 K (266 0 F) and 453 K (356 0 F) data should be

nearly equal. (Equal A0 values might indicate that equal numbers of radicals

were produced at both reaction temperatures.) The dotted line in Figure 36

results from this calculation. The fit obtained with A0 = 32.8 x 1017 is

clearly much poorer than the fits obtained with A0 in the range of 23-25x0'07.
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Thus, the samples cured at different temperatures have different Ao values,

which could indicate that 1) the radicals observed by EPR are the net result

of radical generation reactions and radical decay reactions that occur

together during ATS curing, or 2) the radicals produce polymer chains of dif-

ferent lengths at different temperatures.

The EPR techniques developed for isothermal studies of ATS were applied

to m-ATB. The m-ATB samples were isothermally cured in a nitrogen atmosphere

at three different temperatures, 413 K (2840F), 433 K (320 0 F), and 453 K

(3560F). The EPR intensity-vs-time results are shown in Figures 37 and 38.

The radical concentration values at the curve maxima were originally inconsis-

tent with the results for ATS shown in Figure 34. For ATS, the intensity at

the maximum increased with decreasing cure temperature, but for the original

m-ATB data, the maximum intensity for the 413 K (284 0 F) cure was less than the

maximum for the 433 K (320 0 F) cure.
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Figure 37. Free radical concentration as a function of cure time for m-ATB.
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Figure 38. EPR signal intensity for m-ATB as a function of cure time. Points (x) correspond to
postcuring of 413 K and 433 K samples at 453 K.

Because of this unexpected result, new m-ATB samples were prepared and

the curing experiments were repeated for each cure temperature with only 5-6

data points being collected at each temperature. These new results, shown in

Figure 38, are consistent with the ATS results. In addition, the signal in-

tensities are significantly lower than those observed in the first m-ATB

curing studies. Repetition of the intensity-vs-time experiment for another

new sample at 453 K (3560F) indicated that the more recent set of m-ATB curing

data was correct and that the original set was anomalous.

A possible explanation for these results is that oxygen was not

completely eliminated from the original set of m-ATB samples because, follow-

ing degassing, the samples were backfilled with nitrogen gas from a central
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supply that may have been contaminated. The more recent set of samples was

backfilled with nitrogen gas from a local cylinder so that curing occurred in

an oxygen-free atmosphere. Maximum signal intensities and corresponding cure

times for the ATB samples are listed in Table 7.

The EPR results for m-ATB are similar to those for ATS. Thus, an initial

induction period during which the rate of net radical production was low was

observed for the m-ATB, as shown in Figure 37. Following this, the m-ATB

produced radicals approximately linearly with respect to log(t), where t is

cure time (Figure 38). Eventually, a maximum radical concentration was

reached, after which the concentration gradually decreased with time.

Although the curves are qualitatively similar to those for ATS, the reaction

times for the m-ATB at a given temperature were generally slightly longer, No

significance is attached to this observation at present.

In order to examine AT curing in a non-crosslinking resin, we examined

phenoxyphenoxyphenylacetylene (PPPA) received from AFWAL/ML. The EPR inten-

sity and line shape of PPPA were monitored as a function of cure time at 413-

423 K (2840-3020F). The total cure time accumulated by the sample was 797

min. It was anticipated that, consistent with the above m-ATB data, an induc-

tion period of about 400 min might be observed, and that this would be fol-

lowed by a linear increase in radical concentration with log(t); however, this

was not observed. Instead, the radical concentration remained low over the

entire 797 min of curing, indicating either that the induction period was

longer or that no period of increased radical production would follow at all,

The latter possibility makes sense if a network structure were required for

net radical production to be significant. Unlike the m-ATB samples, the PPPA

is not expected to form a significant network structure upon curing because of

the mono-acetylene functionality of the monomer. The PPPA results thus sug-

gest that the increase of radicals in ATS and m-ATB following the initial in-

TABLE 7. EPR CURING PARAMETERS FOR m-ATB.

Peak radical Cure time at
concentration peak radical

temperature X 10-17 concentration
1K (OF)] (spins/g) (min)

413 (284) 47 16 000
433 (320) 42 2 800

453 (356) 32 500

(;P61-0496-7-HR
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duction period is associated with crosslinking at the later stages of curing.

This increase will be addressed more fully in Section IV of this report.

b. EPR Postcure Studies

EPR studies of ATS samples postcured at 573 K (572 0 F) for 2 h were

performed. Spectral intensities were recorded both before and after post-

curing. The results for these samples and the samples previously postcured 3

at 523 K (4820F) and 543 K (518 0 F) are shown in Figures 39-41.

Cure Before After
temperature postcure postcure

[K (OF)]

403(266) 0 0

423 (302) A A

453 (356) r

35×x 1017 I I I I I III I I
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Figure 39. Radical concentrations of cured ATS samples before and after postcuring at 523 K
(482 0 F). Cure temperatures and percents of cure (as determined by IR) are as
indicated. The samples cured to 50% or above lose intensity upon postcuring. The
uncured sample (0%) should have a higher value for radical concentration following
postcure; however, it could be determined because much of the sample was outside
the EPR cavity. (The t sample broke open during postcuring.)
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Prior to postcuring, the EPR spectral intensities were consistent with

the data obtained during isothermal curing studies, i.e., the data fell on or

near the curves shown in Figures 33 and 34. The spectral intensities of

samples cured to > 50% of full cure decreased in intensity upon postcuring to

a spin concentration value of - 5 x 1017 spins/g. In contrast to this, EPR

signals from the samples cured to < 20% of full cure generally increased in

intensity following postcuring; moreover, the samples having the lowest radi-

cal concentration prior to postcuring generally had the greatest radical con-

centration following postcuring (6 x 1017 spins/g).

It appears, therefore, that there is a complicated process involving com-

petition between radical production and destruction at the postcure tempera-

Cure Before After
temperature potcure postcure

[K (OF)] pos

403 (266) o 0
423 (302) A A

453 (356) o m

30x 1017 I
I70q"oo
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20

S720"70%

r• 15-
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205 20%

5 L0 ' ' ' 1I I I Il p
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Cure time (min) P61-0496-74-R

Figure 40. Radical concentrations of cured ATS samples before and after postcuring at 543 K (518°F).
Cure temperatures and percents of cure (as determined by IR) are as indicated. The samples
cured to 50% or above lose intensity upon postcuring, whereas the samples cured to 20% or
below gain intensity. In particular, the uncured sample (0%) showed a significant increase in
intensity (to over -6 x 1017 spins/g) upon postcuring.
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Figure 41. EPR signal Intensity, both before and after postcuring at 573 K (5721F), as a function
of degree of cure.

tures, and that the number of radicals remaining in a sample following post-

curing may depend on the extent of network development prior to postcuring.

The EPR linewidths of all samples decreased as a result of the postcuring

process, and some samples produced spectra that appeared to be superpositions

of two separate component spectra having different linewidths (see Figure 42).

Thus, for example, the linewidths of samples that had attained at least 50%

cure at 403 K (266 0 F) or 453 K (356 0 F) were typically 1.2-1.4 mT prior to

postcuring and about 1 mT following postcuring at 523 K (482 0 F). An uncured

sample subjected to postcuring at 523 K (4820F) produced an EPR spectrum

having a linewidth of 0.69 mT, down from the initial 1.05 mT linewidth, and a

sample cured 20% at 403 K (266 0 F) changed in linewidth from 1.16 mT to 0.81 mT

upon postcuring at 523 K (482 0 F). The latter spectrum appears to be a super-

position of two separate component spectra, one having a linewidth on the or-

der of 0.7 mT and the other on the order of 1.0-1.2 mT.

Therefore, some of the postcured samples produced both the broad spectrum

that is normally observed upon postcuring, and an additional narrow line. Two
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(a) 1.16-mT width 20% cure at 403 K (266°F),
(a) .16mT wdthno postcure

No cure,
(b) 0.69-mT width postcured at 523 K (482 0F)

20% cure at 403 K (2661F),

(c) 0.81-mT width postcured at 523 K (482 0 F)

Shoulder indicates presence of
second peak

GP61-0496-7I-R

Figure 42. EPR spectra observed during curing/postcuring of selected ATS samples. Uncured
and unpostcured samples have a background signal with a linewidth of - 1.05-mT.
Curing causes the linewidth to increase with increasing radical concentration: (a) 20%
cure at 403 K (2660 F) produces a 1.16-mT line, (b) high-temperature curing (523K,
482*F) produces a much narrower line (- 0.69-mT), and (c) spectra from samples
cured to - 20% at low temperature and subsequently postcured at high temperatures
show the presence of two superimposed spectral components of different linewidth.

types of radical species thus seem to be present in some postcured samples.

The above results imply that those radicals producing the broad line in the

postcured spectrum could be a remnant of the radicals originally present sub-

sequent to curing but prior to postcuring. On the other hand, those radicals

producing the narrow line in the postcured spectrum may be newly generated by

the postcuring process. The anomalous narrow line 0.7 mT (- 7 G) cannot be

explained exclusively in terms of reduced electron-electron dipolar interac-

tions resulting from reduced overall radical concentrations in the samples in

question; ATS samples having even lower radical concentrations can produce EPR

spectra with linewidths of over 1 mT. Possible sources of differences among

linewidths in samples having the same radical concentration include radical

clustering, differences in electron delocalization, and/or the number of mag-

netic nuclei encountered by electrons for a given delocalization.

m-ATB samples that had been cured at 433 K (320 0 F) for 11,500 min or at

413 K (2840F) for 40,000 min were examined by EPR before and after additional

curing at 453 K (3560F) for 261 and 120 min, respectively. Table 8 shows EPR

intensity data for the two samples. The 433 K sample showed a small (-10%)
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TABLE 8. EFFECTS OF POSTCURING m-ATB SAMPLES
AT 453 K (356 0 F).

EPR intensity x 10-17
Sample cure Cure Postcure (spins/g)
temperature time time

[K (OF)] (min) (min) Prior to Following
postcure postcure

413 (284) 40 000 120 49 48

433 (320) 11 500 261 53 48

GP61-0496-8-R

decrease in signal intensity and the 413 K sample showed an even smaller

decrease (_2%).

These results demonstrated that no net production of radicals occurred as

a result of this "postcuring" process. It had been expected that added mobil-

ity might allow some further curing and net radical production at 453 K.

These samples, however, had been cured for times beyond the maximum EPR signal

intensity; net radical production might have been observed if the samples had

been cured for somewhat shorter times before postcuring.

4. FT-IR Results

IR parameters suitable for characterization of the cure states were

derived from three distinctly different sets of spectral changes which were

monitored as a function of the degree of cure: (1) changes in band inten-

sities (or band areas) of the acetylene bands, (2) changes in ratios of bands

representing various nonreactive moieties, and (3) cure-induced frequency

shifts.

a. FT-IR Isothermal Cure Studies

Relevant generalizations for infrared changes observed during polymer

cuOing are as follows:2
6

1) The infrared bands that decrease at the fastest rate are usually at-

tributed to the reactive groups consumed during polymerization. In

cross-linked networks derived from polyfunctional monomers, these

bands will not go to zero absorbance even in stoichiometrically

balanced systems because of incorporation of monomer units in posi-

tions which inhibit further reaction. Absorption of low-molecular-
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weight solvents or atmospheric moisture plasticize or swell the rigid

network, thus permitting further reactions. These reactions em-

brittle the polymer and can cause internal stresses accompanied by

bond rupture when the plasticizing agent is removed by drying. Thus,

a spectrum of a sample obtained after elimination of the plasticizing

conditions, or after post-curing, may still show that reactive func-

tional groups were reduced while indicating other spectral changes

which point to bond rupture.

2) Bands that are highly sensitive to the mass of the substituents would

be expected to decrease at a faster rate than bands that are reduced

by the general broadening that accompanies polymerization.

3) Most bands that represent unreactive portions of the molecule not

participating in the reaction show broadening and decrease in

intensity.

4) Bands representing functional groups which enter into intermolecular

interactions restricting their normal vibrations change at a rate

faster than the bands considered in 3).

5) Infrared bands representing the newly formed bonds in the network

should, in principle, show an increase at a rate similar to the rate

of decrease of bands representing the reactive groups. However, be-

cause monomer units are incorporated in different network positions,

certain new bonds give rise only to a broad absorption which cannot

be defined as a band.

In the earlier portion of this study, FT-IR spectra were obtained on ATS

samples at room temperature after they had been isothermally cured at three

different elevated temperatures for selected times.3 The main functional

groups of ATS and the corresponding FT-IR bands arising from their vibrations

are the following (see Figures 43-45):

(1) Acetylene group--622, 941, 2108, and 3295 cm-'.

(2) Sulfone group--576, 1105, and 1151 cm-1 .

(3) Aryl ether link--1249, cm- 1 .

(4) Benzene rings (carbons)--1485 and 1580 cm-'

(5) Benzene rings (hydrogens)--794, 833, and 3040-3120 cm-l

The two main acetylene bands at 941 and 3295 cm-' can be assigned with

confidence to the following vibrations: the 3295 cm-1 band to the C-H stretch

of the acetylenic H atom, and the 941 cm-.' band to the bending of the entire
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Figure 44. Superimposed FT-IR spectra of the 3295 cm-1 acetylene-band region of
ATS at different stages of cure at 423 K (3021F); (a) 0 min cure, (b) 40 win
cure, (c) 70 min cure, (d) 100 win cure, and (e) 150 min cure.
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Figure 45. Superimposed FT-IR spectra of the 941 cm- 1 acetylene-band region of
ATS oligomer In different stages of cure at 423 K (3021F); (a) 0 min cure, (b) 40 min
cure, (c) 70 win cure, (d) 100 min cure, and (e) 150 win cure.
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acetylene group relative to the benzene ring, based on the assignment made by

Bloor et al. 2 7

The weak acetylene band at 622 cm-1 can be assigned to bending vibrations

of the acetylenic H, whereas the very weak band at 2108 cm-1 originates in the

stretch vibrations of the acetylene carbons. Cure-state parameters were

derived only from measurement of the changes in the two main acetylene bands,

while a very weak band at 2334 cm- 1 was used to detect formation of enyne

linkages.
3

The strong FT-IR band at 1249 cm- 1 , which can be assigned to the stretch

vibration of the aryl ether moiety, was used to study the utility of cure-in-

duced frequency shifts as cure-state parameters. Some of the changes in the

bands originating in the vibrations of the benzene ring hydrogens (mainly the

aromatic C-H stretch) were used as evidence to support the intramolecular

cyclization (IMC) mechanism.
1 9

Acetylene Band Intensity Changes

The absorbance decreases of the FT-IR bands at 3295 cm- 1 and 941 cm-',

which originate in the vibrations of the acetylene group, are the most

pronounced spectral changes observed in the early stages of ATS cure, as shown

in Figures 44 and 45.

The terminal acetylene groups of the ATS monomer react simultaneously

during cure via a number of routes.2 Thus, consumption of the terminal acety-

lene groups, which is directly reflected in the absorbance decreases of the

acetylene bands at 3295 cm-' and 941 cm-', was used as basis for determining

the degree of cure. The two primary methods for calculating DOC from FT-IR

absorbances are

(1) from normalized band areas of the acetylene band at 3295 cm-' using

Rt = (A0 - At)/Ao x 100, where Rt is the degree of isothermal cure

after curing for a given period (t), A0 is the band-area before

curing normalized to the 833 cm-' band area, and At is the band area

after curing for the given period similarly normalized to the

833 cm- 1 band area, and

(2) from normalized band areas of the acetylene band at 941 cm-r plus the

same expression for Rt'
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The FT-IR-derivea DOC values determined for isothermal curing by the two

different methods were compared with the DOC values derived by differential
28

scanning calorimetry (DSC); the results are given in Tables 9-11.

The two different FT-IR values for DOC are in good agreement. The con-

siderably higher DOC values derived by DSC could possibly be attributed to

secondary curing reactions other than those that involved the acetylene
19

groups, i.e., the intramolecular cycloaddition (IMC) reaction. (see also the

discussion in Section IV).

TABLE 9. COMPARISON OF THE DEGREE OF CURE
(DOC) VALUES FOR ATS DERIVED BY DIFFERENT

METHODS AT 403 K (2660 F).

DOC DOC DOC
Cure derived by from IR
time DSC28 3295 cm-I 941 cm-I
(min) (WO) band area band area

( ) (00) (010)

0 0 0 0
90 5.5 11.3 13.4

185 17.5 20.4 22.8
420 41.9 48.2 51.0

1300 78.0 62.1 64.9
2680 86.3 68.5 69.8

GP61-0496-9-R

TABLE 10. COMPARISON OF THE DEGREE OF CURE
(DOC) VALUES FOR ATS DERIVED BY DIFFERENT

METHODS AT 423 K (302 0 F).

DOC DOC DOC
Cure derived by from IR from IR
time DSC28 3295 cm- 1  942 cm-1
(min) D0C band area band area

( )(070) (01o)

0 0 0 0
25 6.0 6.7 9.4

51 23.0 11.1 18.9
100 47.0 31.8 35.4
200 70.0 58.0 62.7
508 89.0 70.2 72.6

600 91.0 73.2 74.7
990 93.0 76.8 78.6

GP61-0496-10-R
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TABLE 11. COMPARISON OF THE DEGREE OF CURI!
(DOC) VALUES FOR ATS DERIVED BY DIFFERENT

METHODS AT 453 K (3560 F).

DOC DOC DOC
Cure from IR from IR
time derived by 941 cm-1 3295 cm-1
(min) DSC28 band area band area(0)(0Y0) (070)

0 0 0 0
5 11.2 17.7 26.4

10 33.7 31.1 33.9
20 65.5 47.0 49.4
30 82.3 59.7 62.1
40 89.1 66.2 66.6
60 91.2 72.3 71.4

GP61-0496- I I-R

A comparison of DOC values for cure at 453 K (Table 11) shows a

discrepancy between the DSC and the FT-IR values. The extent of discrepancy

for the advanced stages of curing is significant; the differences are greater

at higher cure temperatures, possibly reflecting the greater extent of IMC' 9

and other nonacetylenic reactions that can occur at elevated temperatures.

The degree of cure determined from the average of the DOC values derived

from the 941 cm- 1 and the 3295 cm-' acetylene band areas is plotted as a func-

tion of the cure times for the three isothermal cures in Figure 46.

These FT-IR techniques for determining the degree of cure from the nor-

malized band areas were applied to the isothermal cure studies of ATB. A

specimen of p-ATB was cured at 443 K (338 0 F), and FT-IR spectra were recorded

before and after curing for nine different time intervals, as given in Table

12. The degree of cure derived from the normalized 3295 cm- 1 band area is

also presented in Table 12.

The acetylene band that appears in the IR spectrum of ATS at 941 cm-',

which was extensively used as a parameter in characterizing ATS cure states,

(see Figure 45 and Tables 9-11), does not appear in the spectrum of p-ATB

(Figure 47b). This band also does not appear in the IR spectrum of
29

4,4-diethynyphenyl ether; however, it appears in the IR spectrum of the pure

meta-ATB monomer (Figure 47a). These observations of the presence of the

941 cm-' band in two different meta-AT monomers and its absence in two dif-

ferent para-AT monomers suggest that the acetylene deformation vibrations in
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Figure 46. Degree of cure determined from the average of 941 cm-1 and 3295 cm-1 FT-IR
bond-area measurements for the three different isothermal cures of ATS samples.

TABLE 12. DEGREE OF CURE (DOC) OF p-ATB AS A
FUNCTION OF CURE TIME AT 443 K (3380F).

Cure time CDegree of cure(min) acetylene ba9and (3)

areas

0 10.1 0
10 9.4 6.7
20 8.7 14.2
30 8.0 20.5
50 6.8 32.8
90 4.6 54.8

120 3.1 69.3
155 2.4 76.4
180 1.0 90.4
217 0.4 96.3

aNormalized to the band area of the
830 cm-! band.

GP61-0496-12-R
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which this band originates are IR active in the meta configuration but not in

the para configuration. The presence of the 941 cm- 1 band in the pure meta-

ATB monomer indicates that the assignment made by Shields and Koenig30 is
incorrect. IR spectra of additional aryl acetylene compounds will be required

in order to assign this band conclusively to deformation vibrations of the

aryl-acetylene moiety.

Purified monomeric m-ATB was cured at 433 K (3200F), and FT-IR spectra

were recorded before and after curing for 12 time intervals for a total cure

time of 420 min as shown in Table 13. The DOC, based on the rate of "consump-

1.6

1.3

1.0

0.7
(a) m-ATB monomer

941

H)0.4
U

0

S0.1

0.7
875

0.4 
1170

0. 1

-0.2 1
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Wave number (cm- ')
61P61 0496 46 R

Figure 47. Superimposed FT-1R spectra: (a) m-ATB monomer and (b) p-ATB monomer.
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TABLE 13. DEGREES OF CURE (DOC) OF m-ATB AS A FUNCTION
OF CURE TIME AT 433 K (320 0 F).

Cure DOCA DOCR DOCb DOCb
time from 3295 cm-1 from 941 cm- 1  from 3295 cm- 1 from 941 cm- 1  Average
(min) (01) (WO) 00) (01) DOC

5 3.2 2.8 4.0 3.7 3.4
15 8.7 7.9 10.0 9.2 8.9
30 18.1 19.0 17.0 17.8 18.0
60 31.3 32.4 29.6 30.6 30.9
91 44.9 46.5 41.7 43.3 44.1

120 60.5 60.0 57.5 57.0 58.7
150 71.7 70.8 68.4 67.4 69.6
180 76.4 74.3 73.8 72.0 74.1
255 81.0 80.0 77.7 76.5 78.8
300 82.7 81.4 79.5 78.0 80.4
360 84.3 83.3 81.4 80.2 82.3
420 85.4 84.3 82.5 81.3 83.4

Post cure 98.2 97.0 97.8 96.4 97.3
60 min at 523 K
(4820F)

aNormalized relative to band area of the 3840 - 3010 cm-1 aromatic C-H bands.
bNormalized relative band area of the 830 cm-1 hydrogen wag band.

GP61-0496-13-R

tion" of two different acetylene bands, was determined for each cure interval.

The band areas of the 941 cm-, and the 3295 cm- 1 acetylene bands used to

determine DOC values were normalized relative to (1).the band area of a group

of three relatively weak and only partially resolved aromatic C-H stretch

bands appearing in the 2840-3010 cm-' region, and (2) the 830 cm-1 band which

originates in the out-of-plane hydrogen wag for two adjacent hydrogens of

para-disubstituted benzene rings. The DOC values from the individual deter-

minations, as well as the average values, are also given in Table 13.

A second specimen of purified monomeric mi'ATB was cured at 453 K (3560F)

and FT-IR spectra were recorded before and after curing for 14 intervals of

time for a total cure time of 150 min. The DOCs reached after each cure in-

terval are listed in Table 14 for the two acetylene bands and for the two dif-

ferent normalizations.

Plots representing DOC as a function of cure time for ATB curing at 433 K

(320 0 F) and 453 K (356 0 F) are given in Figures 48-51. An interesting differ-

ence between the DOC values derived from the 941 cm- 1 and the 3295 cm-1 bands
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TABLE 14. DEGREES OF CURE (DOC) OF m-ATB AS A FUNCTION
OF CURE TIME AT 453 K (356 0 F).

Cure DOCa DOCa DOCb DOCb
time from 3295 cm-1  from 941 cm-' from 3294 cm-1  from 941 cm-1  Average

(min) (070) (070) (010) (11/0)DO

5 12.6 12.0 11.8 11.3 11.925
10 24.4 24.1 23.4 23.1 23.75
15 34.6 33.7 35.3 34.4 34.5
20 47.6 46.6 46.7 45.7 46.6
25 62.6 61.0 61.5 59.9 61.2
30 74.0 71.2 72.9 70.0 72.0
33 78.8 75.9 77.5 74.5 76.7
40 80.9 78.2 79.7 76.9 78.9
45 82.3 79.5 81.1 78.1 80.3

50 83.4 80.5 82.2 79.0 81.3
60 84.3 81.9 82.9 80.2 82.3
70 85.1 82.6 84.0 81.2 83.2
85 86.4 83.3 85.4 82.0 84.3

120 87.9 85.2 86.7 83.8 85.9
150 89.0 86.3 87.9 84.9 87.0

aNormalized against band area of the 3840 - 3010 cm-1 aromatic C-H bands.
bNormalized against band area of the 830 cm- 1 hydrogen wag band.

GP61-0496-14-R

is observed when the 433 K (3200F) cure is compared with the 453 K (3560F)

cure. For the 433 K (320 0 F) cure of m-ATB, the points that correspond to the

DOC values derived from the 941 cm-1 band coincide fairly closely with the

points derived from the 3295 cm- 1 band throughout the entire cure cycle for

both normalization schemes, as shown in Figures 48 and 49. For the 453 K

(3560F) cure, however, (Figures 50 and 51) the DOC values derived from the

941 cm- 1 are consistently lower than the DOC values derived form the 3295 cm-'

band cure for times longer than 30 min. This period corresponds to the time

at which the slope of the curve changes and suggests that the T of the resing
has reached the cure temperature, i.e., the sample has vitrified. The origin

of this difference in the two DOC values between cure at 433 K (32 0 0F) and 453

K (35 0 0F) is not clear; however, the different values quite possibly reflect

differences in the network rigidity which would affect the vibrations of the

941 cm-' band but not the C-H stretch vibrations of the 3295 cm-' band.
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Figure 48. Degree of cure in m-ATB Isothermally cured at 433 K (3201F) determined
with FT-IR. Normalized against 3010 - 2840 cm-1 band.
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Figure 49. Degree of cure in m-ATB isothermally cured at 433 K (3200F) determined with FT-IR.
Normalized against 822 - 805 cm- 1 band.
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Figure 50. Degree of cure in m-ATB isothermally cured at 453 K (3560 F) determined
with FT-IR. Normalized against 3010 - 2840 cm- 1 band.
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Figure 51. Degree f care in m-ATR Isothermally cured at 453 K (3561F) determined with FT-IR.
Normalized against 882 - 805 cm-1 band.
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Frequency Shifts

Difference spectroscopy is a powerful method for detecting minor spectral

changes in polymers. Difference spectra representing the net cure-induced

changes between two consecutive stages of ATS cure are shown in Figure 52. In

addition to exhibiting the expected negative acetylenic band at 941 cm-.,

which reflects the consumption of acetylene groups, these difference spectra

exhibit spectral profiles that are indicative of frequency shifts for some of

the bands. A typical difference spectrum intensity profile for a frequency-

shifted FT-IR band is shown in Figure 53. Such a profile provides a greatly

amplified record for small and otherwise difficult-to-measure frequency
shifts.31 The peak-to-peak intensity, ji, is related to Av and can thus be

31
used to measure small frequency shifts.

1250

FTIR spectrum of ATS before cure

Difference Spectra: ,

90-min cure minus 0 cure

185-min cure minus 90-min cure

TA A =O.04

420-min cure minus 185-min cure

1300-min cure minus 420-min cure

2680-min cure minus 1300-min cure

S I I I I I'
400 600 800 1000 1200 1400

(;P61-0496-66-R Wave number (cm-1)

Figure 52. Superimposed difference FT-IR spectra of the 400 - 1400 cm-n region. These
spectra represent the net spectral differences between consecutive stages of ATS
cure at 403 K (266 0F), showing that the pronounced changes in later
stages of cure are a result of band frequency shifts.
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Figure 53. Schematic illustration of a frequency-shifted band; 11 0 ), 12(0), and the
resulting spectral profile observed in its difference spectrum, D(P).

The difference FT-IR spectra between consecutive stages of curing ATS

(Figure 52) show that the frequency shifts of the 1250 cm-' band, which

originates in the aryl-ether C-0 stretch vibration, are the most pronounced of

spectral changes observed during the later stages of cure. Cure-induced

molecular strain is one possible mechanism that contributes to the frequency

shift of the 1250 cm-' band.

A specimen of p-ATB was cured at 433 K (338 0 F), and FT-IR spectra were

recorded before and after curing for several different time intervals. The

main reason for conducting this series of experiments was to search for cure-

induced frequency shifts in a specific IR band which originates in coordinated

vibrations of the para-diphenylether (DPE) moiety and appears in the

875-885 cm-' region. In an earlier study of stress-induced molecular phenom-

ena in polyimide films (Kapton 50H), we observed unique frequency shifts in

this particular band, 32,33 and assumed that if similar frequency shifts ap-

peared in p-ATB, they could be correlated with the cure state, thus providing

a new cure-state parameter.

The p-DPE band at 875 cm-1 and its companion band at 1170 cm-' are both

present in the FT-IR spectrum of para-ATB (Figure 47b); however, these bands

do not exhibit detectable frequency shifts as a function of the degree of

cure. The frequency shifts were expected based on the assumption that if the
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intra-molecular cyclization (IMC) mechanism occurs it would induce a molecular

strain which would give rise to frequency shifts. Since frequency shifts were

not observed, one can speculate that this mechanism is probably absent in

p-ATB.

Spectral differences observed between consecutive stages of cure for

m-ATB were studied by difference FT-IR spectroscopy. The magnitude of the

spectral features observed in a difference spectrum obtained by subtraction of

the spectra of two consecutive stages of cure determines the extent to which

AT resins of similar cure times can be characterized or differentiated. The

individual FT-IR spectra of m-ATB recorded at 15 consecutive stages of cure at

453 K (3560F) were used to obtain the difference spectrum between any two

stages of cure. Typical difference FT-IR spectra of m-ATB are shown in

Figures 54 and 55, along with the FT-IR spectrum of m-ATB before cure. The

most pronounced spectral feature observed in the difference spectra is in the

1249-cm- 1 band (Figure 54b and c) assigned with confidence to the stretch

vibrations of the aryl-ether moiety. This absorbance peak was also observed

in the FT-IR spectra of ATS.

It should be noted that the peak-to-peak magnitude of the largest

spectral feature observed in the difference spectrum shown in Figure 54c

(-1250 cm- 1 ) has an absorbance of 0.270. The difference spectrum shown in

Figure 54c results from subtraction of the spectrum recorded after 20 min cure

from the spectrum recorded after 60 min cure. Therefore, assuming linear

spectral changes with cure time and spectrometer absorbance resolution of

0.0001, and considering this parameter alone, we can say that 270 discrete ATB

cure steps can be differentiated between the 20 min cure and the 60 min cure.

Since the minor cure-induced network changes occurring during a relatively

short increment of cure time (2-3 mmn) seem to be most pronounced in the

1250 cm- 1 range, it is desirable to determine the molecular origin of these

spectral changes.

In general, spectral profiles such as the ones appearing in the

difference FT-IR spectra (Figures 54b and c) in the 1250 cm- 1 range are char-

acteristic of frequency shifts. To explain similar spectral features observed

in the 1250 cm- 1 region in the difference spectra of consecutive cure stages

of ATS, 3 we proposed cure-induced molecular strain as a possible mechanism
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Figure 54. Superimposed FT-IR spectra m-ATB (700 - 1650 cm-u) for 453 K (356cF) cure.
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Figure 55. Superimposed FT-IR spectra m-ATB (2500 - 3500 cm-') for 453 K (3560 F) cure.

causing frequency shifts in that band. However, other mechanisms which can

develop such spectral features must also be considered, particularly since the

1250 cm-1 band appears to consist of several severely overlapped bands whose

absorbances could change independently with cure.
Correct assignment of the origin of these overlapping bands would aid the

interpretation of the observed results. We therefore concluded that an at-

tempt to assign the overlapped bands to specific vibrations is the next step

towards solution of the problem.

A search of the FT-IR group frequencies for the molecular moieties

present in uncured m-ATB and the moieties expected in the cured m-ATB revealed
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that only an overtone of the acetylene band at 622 cm-', which is assigned to

the bending vibrations of the acetylenic H atom, can contribute to absorbances

in the 1250 cm- 1 region. Availability of FT-IR spectra of m-ATB with deuter-

ated acetylenic groups (DC - C - R - C =- CD) as a function of cure would con-

clusively determine if the differences spectral feature at 1250 cm-' is the

result of the changes in the overtone of acetylenic H bending vibrations.

Regardless of the origin, the difference spectrum profile in the

1250 cm-' region and changes in its peak-to-peak AA values can be effectively

exploited to characterize the cure states with a considerable degree of

resolution.

b. FT-IR Postcure Studies

Postcure studies of ATS samples incompletely cured at 403 K (2660F) were

performed. These results, along with results obtained earlier for postcure

studies of samples incompletely cured at 423 K (302 0 F) and 453 K (356 0 F) ,3 are

summarized in Tables 15-17. These measurements show that postcure heating

leads to an almost total consumption of the acetylenic moieties, which yields

apparent degrees of cure close to or greater than 98.5%.

TABLE 15. FT-IR RESULTS OF INCOMPLETE CURE OF ATS AT 403 K (266 0 F)
FOLLOWED BY 120 MIN POSTCURE AT 523 K (482 0 F), 543 K (518°F), AND 573 K (572-F).

Aromatic
Sample Cure time Postcure Acetylene Degree of C-H stretch
Samler at 403 K temperature band area cure ban area
number (i)() 39 m band area(min) (K) 3295 cm-' (0) 3040 - 3120 cm- 1

36 180 - 8.7 56.5 2.4
37 180 523 a0.2 a98.5 3.1
38 180 543 a0.2 a98.5 2.6
39 180 573 a0.2 a98.5 2.8
40 420 - 5.4 73.1 2.1

41 420 523 a0.2 a98.5 2.6
42 420 543 a0.2 a98.5 2.6
43 420 573 a0.2 a98.5 2.3
44 2700 - 2.2 89.0 2.3

45 2700 523 a0.2 a98.5 2.8

46 2700 543 a0.2 a98.5 2.6
47 2700 573 a0.2 a98.5 2.8

aBand area less than 0.2 units and DOC greater than 98.5%V0.

80( -0496 15-R
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TABL.E 16. VI-IR RESUlITS OF 423 K (3020F) CURE OF AI'S FOILOWEI) BY A 120 MIN
POSTCURE AT 523 K (482-F), 543 K (518 0 F), AND 573 K (572 0F).

Band area ratios

Sample Cure Postcure Acetylene DOC 0/0 Aromatic aryl ether
number time temperature band area derived from Sulfone Sulfone 1495 cm- r

(min) [K (IF)] 3295 cm-I 3295 cm-I Aromatic aryl ether Aromatic Aromatic
1495 cm- aryl emai 1495 cma-t1595 cm-! 45c-

12 75 None 6.2 19.5 1.3 0.64 1.07 2.62
13 75 523 (482) 0.3 96.2 1.2 0.80 1.17 2.34
14 75 543 (518) 0.1 98.6 1.3 0.77 1.14 1.96
15 75 573 (572) 0.2 97.8 1.4 0.78 1.06 2.53
16 170 None 2.8 56.6 1.3 0.81 1.21 2.27
17 170 523 (482) 0.2 97.8 1.3 0.81 1.17 2.30
18 170 543 (518) 0 100.0 1.3 0.80 1.14 2.26
19 170 573 (572) 0 100.0 1.3 0.79 1.11 2.50
20 320 None 1.7 76.2 1.3 0.81 1.19 2.55
21 320 523 (482) 1.2 84.0 1.4 0.83 1.11 2.74
22 320 543 (518) 0 100.0 1.3 0.82 1.17 2.30
23 320 573 (572) 0 100.0 1.4 0.81 1.17 2.58

GP61-0496-16-R

TABLE 17. FT-IR OF INCOMPLETE CURE OF ATS AT 453 K (356°F) FOLLOWED
BY 120 MIN POSTCURE AT 523 K (482°F), 543 K (518 0 F), AND 573 K (5720 F).

Cure timeSample at 453 K Postcure Acetylene Degree of Aromaticnumber (3563F) temperature band area cure C-H stretch(min) 1K (OF)] 3295 cm- 1  (0) 3040 - 3120 cm- 1

25 0 523 (482) a0.2 0  a98.5 2.2
26 0 543 (518) a0 .2 0  a9 8 .5  2.2
27 0 573 (572) a0.20 a9 8 .5  2.2
28 20 - 3.41 55.5 1.9
29 20 523 (482) 0.30 97.0 1.9
30 20 543 (518) a0.20 a98.5 2.2
31 20 573 (572) a0.2 0  a9 8 .5  2.1
32 55 - 1.80 76.5 2.1
33 55 523 (482) a0.20 a98 .5  2.0
34 55 543 (518) a0.2 0  a9 8 .5  2.2
35 55 573 (572) a0.2 0  a98.5 1.9

aBand area < 0.2; DOC > 98.5%0.

GP61-0496-17-R
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Similar postoure results were obtained for m-ATB. For example, an m-ATB

sample that had been cured at 433 K (3200F) for 420 min to achieve an 85.4%

degree of cure was postcured at 523 K (4820,F) for 60 min. The only signif-

icant change brought about by this postcure was a decrease in the areas of

3295 cm-1 and 941 cm-1 bands. After this po'stcure, the degree of cure derived

from these band areas was 97.3%.

In a search for other parameters more sensitive to postcuring, we

examined the band area ratios as a function of postcuring. These ratios show

that no significant changes occur in the relative band intensities of the

aromatic, aryl-ether, and sulfone moieties as a result of postoure heating.
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IV. DISCUSSION OF RESULTS

Comparison of the NMR data with DSC and FT-IR determinations of the de-

gree of cure (DOC) is most useful. Figures 56-58 display all the results

gathered from MDRL - the 1H NMR, 13C NMR and FT-IR results as discussed in

Sections III 2, III la, and III 4a, respectively - DSC results from

Rockwell,28 and FT-IR results from Case Western Reserve University,30 (all

three laboratories working under contract with the AFWAL/ML). The quantity %

acetylene is obtained from the DOC by subtracting one hundred. In Figures 56-

58, the MDRL FT-IR results have been determined by averaging the band areas of

the 942 and 3297 cm- 1 absorbance bands. Koenig and Shields, however, do not

give credence to their 942 cm- 1 band. 3 0  They observe a substantially higher

DOC for the 942 cm-' band than for the 3297 cm- 1 band, an effect not observed,

at least to such an extent, at MDRL. We thus show their 3297 cm- 1 data in

Figures 56 and 57, and their 942 cm-' data separately in Figure 56 for com-

A• 0 13C

80 - v 0 1H (2+ 1)
- 0 IH (3 +1)

V A A DSC

_ IR (MDRL)

60 - _ IR (CWRU 942cm-I)
V IR (CWRU 3297cm- 1 )

"40 -

20-

V0 I

10-1 100 101 102 103

Cure time (min)
GP61-0496-37-R

Figure 56. Comparison of 13 C and 1 H NMR results to DSC and FT-IR results for acetylene
uptake in ATS cured isothermally at 453 K (356*F). The exponential has a rate
constant of k = 8 x 10- 4 s- 1.
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0 o # IR (MDRL)

0 0 0 IR (CWRU)

S60- 0

0
S40 - 0

20

100 101 102 103 104
Cure time (min)

GP61-0496-38-R

Figure 57. Comparison of 13 C and 1H NMR results to DSC and FT-IR results for acetylene
uptake in ATS cured isothermally at 423 K (306*F). The exponential has a rate
constant of k= 1 X 10-4 s- 1 .

parison purposes only. It should be noted that Koenig and Shields used puri-

fied ATS, whereas the rest of the data were obtained from a common stock of

ATS. The exponential decay curves shown in Figures 56-58 are for comparison

purposes only; no special significance is attached to them. First-order de-

crease of monomer is observed during the early cure, but as discussed below,

the apparent continuation of first-order kinetics into the later cure, as sug-

gested by DSC and 1 3C NMR, is likely to be misleading.

As Figures 56-58 show, all the data are in fairly good agreement for

% acetylene > 40. Minor variations could easily occur from differences in

samples or small differences in the cure temperature. The FT-IR data clearly

show, however, that the DOC slows significantly away from first-order kinetics

when % acetylene < 35. The FT-IR results in these later stages of cure are at

variance with the 1 3C NMR and DSC results. The DSC results have been shown to

be auspoct.34 The 1 3C results, on the other hand, pr(:.-not t3ome problemu In

interpreting the differences with the FT-IR results. It is possible that the

cross-polarization contact time was not optimized for the later stages of
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Figure 58. Comparison of 13C and 1H NMR results to DSC and FT-IR results for acetylene
uptake in ATS cured isothermally at 403 K (266'F). The exponential has a rate
constant of k = 2x 10- 5 ss-.

cure. This is a common problem with 1 3 C solid-state NMR, where differences in

hydrogen T1 relaxation times can adversely affect quantitative results if theP

contact time is not carefully chosen. The contact time was optimized for the

ATS samples at the beginning of the cure, but it is possible that the hydrogen

T, P's changed enough during the cure to decrease the relative acetylenic peak

in the I3C spectra. A longer than normal contact time of 4 ms was chosen to

ensure adequate cross-polarization to non-protonated carbons. If a problem

occurred because of the contact time, it was more likely to occur at an enyne

acetylene than at a normal protonated acetylene. Enyne moiety, indicated to

occur in ATS from the 2334 cm- 1 absorbance band observed at MDRL,3 may not be

quantitatively identified in the 13C CP/MAS spectra. Postcure studies show

that the FT-IR results display, at least qualitatively, the true behavior of

the DOC.

More information is available from the data obtained so far. A "gel

point," defined as the point at which the reacting system is no longer com-

pletely soluble in some normal solvent, 3 5 is suggested by the EPR results, as
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discussed below, and by the 1H NMR results. The time at which f appears inr
the 1H data (see Figures 10, 12, 18, and 21) appears to be a precursor to the

gel point. The time at which fr appears is defined as the extrapolation of

the tangent to the maximum slope of f to the abscissa. In addition, the timer

at which f maximizes is probably close to the gel point. The "induction

period" observed by EPR, similarly defined as the maximum slope extrapolation

to the abscissa (see Figures 33 and 37), is nearly identical to the time of

the maximum in f,, and therefore also is indicative of the gel point. These

times are listed in Table 18.

Vitrification of the resin during cure is observed in both the 'H NMR

results, and in the FT-IR results. The transition in f (see Figures 10, 12,r

18 and 21), defined as the intersection of the tangent of the long time

asymptote to the tangent to the maximum slope, is close to the vitrification

TABLE 18. SELECTED CURE TIMES MEASURED BY EPR, 1II NMR, AND FT-IR.

423 K
Resin 453 K (3060 F) 403 K
type (3560 F) time (min) (266-F)

The gel point
1H NMR - Increase in rigid ATS 4 40 110

component concentration
1H NMR - Peak concentration of ATS 9 50 200

intermediate species

EPR - Increase in free m-ATB 25 90* 400t
radical concentration ATS 10 60 200

Vitrification
1H NMR - Rigid component ATS 21 110 320

transition
1H NMR - Mobile component ATS 25 120 260

spin-spin relaxation
time transition

FT-IR - 3297 cm-1 transition m-ATB 24 180*
ATS 32 118 500

Radical decay

EPR - Free radical content m-ATB 500 2800* - 104t

levels off ATS 250 1700 - 104

*Cure temperature was 433 K (320'F).

t Cure temperature was 413 K (284*).
(;I-61-0496-76-R
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point. A better indication of vitrification is given by the mobile Spin-spin

relaxation times, T2m, observed by 'H NMR (see Figures 9, 14, 19 and 22). The

time at which this relaxation time reaches its asymptotic value indicates

vitrification. The transition in the FT-IR DOC values (see Figures 48-51 and

56-58) also indicates vitrification. These times are also listed in Table 18.

The induction period shown by the EPR data for both the ATS and m-ATB

(Table 18) seems to be a general feature of the crosslinkable AT resins. This

effect can be attributed to one of the following possibilities: (1) enhanced

radical decay resulting from the presence of a limited number of reactive im-

purity molecules in the resin, (2) enhanced radical decay prior to matrix

vitrification, or (3) delayed net radical production following the prerequi-

site buildup of a diamagnetic intermediate. Since the m-ATB is purer than the

ATS, one would expect the m-ATB to have a shorter induction period than the

ATS if possibility (1) were important. Actually, the induction periods of ATS

and m-ATB are similar, indicating that possibility (1) probably does not con-

tribute to the induction period in these polymers.

The fact that the non-crosslinkable PPPA resin never exhibited a

significant increase in radical concentration with curing implies that either

crosslinking of diamagnetic oligomeric intermediates [possibility (3) above]

or some means of matrix vitrification [possibility (2) above] is essential for

the accumulation of stable radicals in the AT polymers. Prior to such radical

stabilization, the radicals produced during curing are decomposed rapidly

enough to keep the steady-state concentrations low.
2

The results of Pickard et al. are consistent with this hypothesis.

Their results indicate that a typical oligomeric chain formed during curing of

phenoxyphenylacetylene is on the order of -10 monomeric units long, whereas

the current EPR data indicate that only one radical is observed for every few

hundred acetylene groups initially present in the ATS or m-ATB resins. If the
2

data of Pickard et al. are applicable to the present AT resins, it can be

inferred that only one radical is observed by EPR for every 20-50 polyene

chains in the fully cured ATS or m-ATB matrix. The 1H NMR spin-spin relaxa-

tion measurements imply, however, that monomer reacts to form an oligomer

having n-6, and that an intermediate-MW polymer forms having 30<n<300. In

this case, there would be one radical for every 1 to 17 intermediate-MW

chains. The observed increase in radical concentration begins approximately

where the peak concentration in fi occurs. Thus, the production of the
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intermediate-MW polymers is not accompanied by net radical production. If

chain transfer reactions and polymerization pathways that do not involve free

radicals are considered not to dominate the curing process, then the above

results imply that most of the radicals produced during early polymerization

decay instead of accumulating.

The 'H NMR data presented in Figures 9, 14, 19, 22 and Table 18 indicate

that vitrification of ATS (as defined by T2 of the mobile component reaching

its asymptotic value) occurs much later than the inflection point in the EPR

data. Thus, complete vitrification of the matrix [possibility (2) above] is

not essential for an increase in net radical concentration. The 1H NMR data

in Figures 10, 12, 18, 21, 27, and 28 indicate that ATS curing occurs in at

least two major steps. In the first step, the most mobile component reacts to

form a semi-rigid intermediate, and in the second step, the intermediate

reacts to form the rigid product. The most rigid component forms at its maxi-

mum rate only after the concentration of intermediate component has reached

its maximum value.

Fran the 'H NMR data in Figures 10, 12, 18, 21, 27, and 28 and Tables 18

and 19, it appears that the most rigid component of the curing resin begins to

be produced somewhat prior to the EPR induction period. This time delay indi-

cates that stable radicals cannot be associated with the regions of initial

local crosslinking appearing in an otherwise non-crosslinked matrix. It seems

that radicals become stabilized only after significant crosslinking has taken

TABLE 19. ATS RESIN RATE CONSTANTS FOR RADIAL PRODUCTION (EPR) AND
RIGID COMPONENT PRODUCTION (NMR).

403 K 423 K 453 K
(266 0 F) (302°F) (356°F)

Radical
Production 1.0x 10-5 s- 1  6.1 x I-5 s- 1  4.8 x 10-4 s- 1

(EPR)

Rigid
Component 9X 10-5 s-1  2.4x 10-4 s- 1  2.4x 10-3 s-I

Production
(IH NMR)

Rate 9 4 5
Ratio
(NMR: EPR)

1'6144% 7S R
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place, but prior to complete vitrification. This suggests that a point near

gelation may be associated with the onset of significant net radical produc-

tion. Therefore, an important implication of the EPR results is that a sudden

decrease in terminations or radical decay occurs in the vicinity of the gel

point. Gelation could prevent large-scale diffusion of the radicals and thus

prevent them from encountering reactive sites that would lead to radical

decay.

Activation energies for the decrease of monomer can be obtained from the

rate constants shown in Figures 56-58. An approximate activation energy of

130 kJ mol- is found, comparing fairly well with other determinations.2,536

For all the observations discussed in this report, most can be explained

in terms of the mechanism described by Equations (5-10). One possible de-

scription of the curing process of AT resins is as follows. Initiation oc-

curs (a process not investigated here). Polymerization follows, but most

likely terminates, possibly by intramolecular cyclization reactions, producing

low-MW oligomers having a degree of polymerization of about six. Enyne forma-

tion is also observed to occur during the early cure.

Polymerization continues, either from monomer initiators, or from low-MW

oligomers, but as long as the viscosity remains low, termination reactions

prevent formation of any significant amount of high-MW polymer. Conjugation

of the phenoxyphenyl moiety, most likely of a para-substituted group, may con-

tribute to termination of the free-radical polymerization. Perhaps more

likely, steric hinderance prevents the free-radical addition from advancing to

large degrees of polymerization. High-MW polymer would then form only from

crosslinking reactions. The decay times of radicals produced during the early

cure polymerization are short compared to the EPR experimental observation

times, keeping the observed net radical production low. During this induction

period, the decrease of monomer follows first-order kinetics. The

intermediate-MW polymer formed is found to have a fairly narrow MW distribu-

tion and a degree of polymerization between 30 and 300.

At the "gel point," the resin viscosity becomes large and crosslinking

becomes significant. Termination reaction rates might decrease because of the

lower mobilities of reacting radicals, monomers, and oligomers. Radical con-

centration is observed to increase at this point. The only firm statement we

can make about net radical production is that it is viscosity dependent; the

high viscosities occurring near the gel point are necessary before large net
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radical production will be observed. The increased rate of crosslinking most

likely occurs because of the longer residence times of exterior acetylene

moieties on adjacent, intermediate-MW polymers in close proximity to each

other. In this way, the resin most likely has a true gel point; i.e., cross-

linking does not occur until the intermediate-MW polymers have such a large

concentration that they are forced into relatively long-time, close-proximity

contact, and "gel" into an extended network.

Crosslinking slows down at vitrification of the AT resins due to both the

very low mobility of the resin components and the remote location of the re-

maining acetylenic moieties from one another. Postcuring studies, performed

mainly with FT-IR, reveal that either very long cure times past vitrification

or high temperature postcures are necessary to consume all the acetylenic

moieties, and hence, to complete the network formation of AT resins.
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V. CONCLUSIONS

A. Early Cure

1. Average molecular weight of uncured AT resins may be obtained from 1 3C

CP/MAS NMR, or from solution NMR.

2. Some stable free radicals are present in the uncured m-ATB and ATS

resins. These radicals probably exist in a conjugated system.

3. Monomer is consumed according to first-order kinetics during the early

cure. The activation energy for this process is -130 kJ mol- 1 .

4. A 2334 cm- 1 band observed by FT-IR, the only band found to increase in

intensity during the early cure, implies that enyne formation occurs in

AT systems.

5. The formation of a low-MW oligomer having an average degree of

polymerization of 5-6 is likely to occur during the early cure.

6. Radicals do not accumulate in the mono-acetylenic, non-crosslinkable sys-

tem, PPPA.

7. EPR spectra from radicals produced in PPPA and in slightly cured m-ATB

resemble each other and are similar to those observed in polyphenyl-

acetylene by Whitte et al. 2 5

8. It appears that enyne formation, as suggested by FT-IR, and/or intra-

molecular cyclization (IMC) mechanisms are important in the curing

process, irrespective of the cure temperature.

9. Conjugation and/or hyperconjugation of the phenoxyphenyl moiety into the

conjugated polyene backbone may be important with regard to specific ter-

mination steps during polymerization.

B. Later Cure

1. An intermediate-MW polymer having a fairly narrow MW distribution and an

average degree of polymerization not less than 30 but not more than 300

is observed. This result is in contradiction to the results of Koenig

and Shields.
3 0

2. An induction period is observed, during which termination reactions

prevent the formation of a high-MW polymer.
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3. Results from PPPA compared to ATS or m-ATB confirm that net radical

production is viscosity dependent and occurs either from crosslinking

reactions producing stabilized radical structures or because termina-

tion/decay of the radicals is enhanced at low viscosity.

4. The higher radical concentrations observed in one series of cured m-ATB

samples were probably the result of oxygen contamination during sample

preparation. This indicates that oxygen may have an effect on curing

since the steady-state radical concentration presumably affects the

details of the polymerization process.

5. Viscosity-dependent termination and crosslinking reactions compete, and

the crossover from the relatively low-MW termination region to high-MW

crosslinking, occurring close to the gel point, can be monitored by use

of 'H NMR and EPR.

6. The radical concentration increases sharply following the sudden increase

in the rigid 'H NMR component concentration and before vitrification.

7. The gel point can be monitored with 'H NMR and EPR.

8. The vitrification point can be monitored with 'H NMR and FT-IR.

9. Vitrification of the resin system slows acetylene consumption and causes

it to deviate from the initial first-order kinetics.

10. At the peak radical concentration, one radical is observed per every few

hundred acetylene groups initially present in the uncured resin.

C. Postcure

1. Either very long cure times or high-temperature postcures are necessary

to complete the crosslinking of an AT network.

2. The final uptake of acetylene moiety following high-temperature postcures

as observed by FT-IR suggests that the FT-IR results at long cures are at

least qualitatively correct.

3. Two different radicals appear to be present in some postcured (523 K)

[4820F] ATS samples. One is probably the original curing-generated radi-

cal or a derivative of it, and the other may be a new radical generated

by the postcuring.

4. m-ATB samples cured at 413 K (2841F) and 433 K (320 0 F) did not show addi-

tional radical formation during postcuring at 453 K (3560F).
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D. General

1. The fractional components monitored with 1H NMR bear similarity to either

two or three consecutive first-order reactions.

2. 1H spin-lattice relaxation times show an initial increase resulting from

the decreasing mobility of the resin, and then a decrease as a result of

the increase in free radicals.

3. Radical production during curing is qualitatively similar in m-ATB and

ATS.

4. The net radical production observed by EPR is probably the result of both

production and decay reactions occurring together in the curing resin.

5. The radicals are relatively stable and are therefore probably in

ii orbitals. They may be delocalized over several phenylacetylene-type

monomer units.

6. Radical production bears qualitative resemblance to a process involving

two successive first-order reactions.

7. At least three distinct species are observed with 'H NMR during curing of

ATS resin, and the formation of four or more distinct species during the

cure is likely.

8. The highly aromatic, unsaturated character of AT resins is believed to

lead to the observation of only one 1H NMR spin-spin relaxation time for

the high-MW AT polymers, as opposed to the two spin-spin relaxation times

observed for common high polymers.

9. The rapid increase of rigid component observed by 1H NMR in some ways

resembles autoacceleration, although the decrease in termination reac-

tions may be offset by the increase in crosslinking.

10. A detailed mechanism consisting of initiation; polymerization; viscosity

and/or MW-dependent termination reactions, which may include enyne and

IMC formation; and crosslinking is proposed to explain most of the obser-

vations discussed in this report.

11. DOC can be determined with 1H NMR in situ during the early cure.

12. DOC can be determined with FT-IR during the complete cure process.

13. All the techniques used agree very well with regard to the DOC except for

the long cure times. It would appear that FT-IR and EPR provide the most

sensitive measurements in this later cure region.
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14. The 942 cm- 1 and 3297 cm- ' FT-IR bands are found to both be quantitative

measures for the DOC in AT systems. This conclusion is in contradiction

to the results of Koenig and Shields. 3 0

15. Various spectroscopic parameters can be used as cure-state monitors, in-

cluding hydrogen spin-lattice and spin-spin relaxation times, fractional

acetylene content from 1H and 13 C NMR and FT-IR, and radical concentra-

tion from EPR.

16. In situ ' H NMR is a better cure-state monitor, although FT-IR is perhaps

easier for determining the DOC, during early cures than the other

techniques.

17. We have shown that EPR, NMR and FT-IR results provide cure-state param-

eters for AT resins. These parameters define the unique cure-state in

the case of isothermal curing.
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