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ABSTRACT: A recently developed technique, i.e., two-dimensional infrared (2D IR) correlation spec-
troscopy, has been used to investigate the thermal-oxidative degradation of two networks based on a
tetrafunctional epoxy resin. The use of the 2D IR approach to analyze time-resolved transmission spectra
collected in situ during the high-temperature degradation process effectively enhanced the spectral
resolution and revealed details about the reaction mechanism which remain undetected in the
one-dimensional, frequency spectra. In particular, the sites of initiation of the auto-oxidative sequence
were identified for the case of the plain epoxy resin, as well as the main competitive pathways through
which the degradation reaction proceeds. With respect to the network modified by a thermosetting bis-
(maleimide) comonomer, which displays an IPN-like molecular structure, it was found that the epoxy
component undergoes thermal oxidation via the same mechanism as for the plain epoxy network. A limited
degradation was detected also for the bis(maleimide) component, whose stability represents the underlying
reason for the enhanced temperature performances of the ternary system.

Introduction

Epoxy resins represent one of the most important
classes of matrices for structural composites. In par-
ticular, the tetraglycidyl-4,4'-diaminodiphenylmethane
(TGDDM) cured by aromatic diamines, such as 4,4'-
diaminodiphenyl sulfone (DDS) is widely used in adhe-
sives and as encapsulant for electronic components.
Furthermore, it is the matrix of choice for high perfor-
mance carbon-fiber composites in the aerospace indus-
try, owing to its excellent properties in terms of rigidity,
Tg, and thermal stability.22 In these particular applica-
tions the material is subjected to very rapid temperature
jumps (thermal spikes) often exceeding 150 °C, and
must be able to sustain these conditions preserving its
structural integrity.® Clearly, for the TGDDM/DDS
system the thermal-oxidative stability is an issue of
primary technological concern, and, as such, has stimu-
lated a large body of research aimed at improving this
characteristic. A promising approach which has recently
emerged consists of the realization of interpenetrating
polymer networks (IPNs): in these systems a more
stable monomer capable of forming an independent
network, is dissolved, before curing, in the TGDDM/
DDS mixture.*8 Reasonable success has been achieved
along this line by use of a thermosetting bis(maleimide)
resin [4,4'-bis(maleimido)diphenylmethane (BMI)], as
reactive comonomer. With regard to the molecular
structure of this system, a detailed spectroscopic analy-
sis has shown that TGDDM and BMI form individual
networks without intercross-links between the compo-
nents. The epoxy resin cross-links through reaction with
its hardener, DDS, while BMI polymerizes via a ther-
mally initiated radical process.”# Dynamic mechanical
analysis, on the other hand, has revealed a substantial
degree of physical interpenetration of the two networks.
The presence of the BMI network, which is more “rigid”
than that produced by TGDDM has been found to
increase such properties as the Ty, the modulus and the
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yield stress.” These improvements have been achieved,
however, at the expenses of a slight reduction in fracture
toughness, i.e., K; and G..”8 The presence of the BMI
network in such systems has, furthermore, been found
to lower the equilibrium uptake and to increase the
diffusivity of water, with respect to the unmodified
TGDDM/DDS resin.®

With respect to thermal-oxidative stability, a com-
parative study, performed by thermogravimetry (TGA),
dynamic-mechanical analysis and time-resolved FTIR
spectroscopy has revealed considerable improvements
for the BMI modified networks® in comparison to the
pure TGDDMY/DDS resin. In particular, conventional in
situ FTIR measurements made it possible to monitor
the degradation kinetics of various molecular groups
involved in the process, and allowed us to propose likely
reaction mechanisms which accounted for the experi-
mental observations.

In the present contribution use is made of a recently
developed technique to analyze transient (time-resolved)
FTIR spectra, that is, two-dimensional infrared (2D IR)
correlation spectroscopy.1°-13 This technique is receiving
considerable attention as a powerful tool that can aid
in the interpretation of complex spectra, such as those
commonly encountered in the infrared spectroscopy of
condensed phase systems, which are characterized by
broad, multiply overlapped peaks. Among the various
advantages provided by 2D IR spectroscopy, the more
relevant are the following: (a) the possibility of improv-
ing the resolution and of separating highly overlapped
peaks; (b) the possibility to provide information about
inter- and intramolecular interactions by selective cor-
relation of peaks; (c) the ability of probing the relative
rate of spectral intensity changes taking place in the
transient process by analysis of the asynchronous cross-
correlation spectrum.

2D IR spectroscopy was introduced by Nodal®~12 and
was originally intended to be used in conjunction with
dynamic rheo-optical data where the perturbation wave-
form is a simple sinusoid with fixed frequency. More
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recently, the same author?® has further extended the
underlying theory by introducing a more general for-
malism to include dynamic IR signals having any
arbitrary waveform. In this work it is shown that the
2D IR correlation analysis of the transient spectra
obtained during an isothermal degradation process
provide a mean for effectively enhancing the spectral
resolution and for highlighting subtle effects that re-
main undetectable in the conventional one-dimensional
analysis.

Theory

In this section the aspects of the theory of 2D IR
correlation spectroscopy relevant to the application of
this technique to problems of chemical kinetics are
reviewed in some details in order to highlight the
meaning of the cross-correlation spectra for the specific
case of exponential decay functions.

The basic scheme used in 2D IR spectroscopy consists
of applying an external perturbation with fixed wave-
form and analyzing the dynamic response of the system
in the form of spectroscopic signals.1°~12 Typical spec-
troscopic responses to external stimuli are observed in
the form of changes in peak positions, intensities and
directional absorbances (dichroic effects). In its original
formulation 2D IR analysis was developed for the
specific case of a sinusoidally varying perturbation for
which a relatively simple analytical solution is avail-
able.1%712 However, it was soon recognized that the
particular excitation waveform does not alter the basic
principles of 2D IR analysis, and more recently, Noda®
introduced a generalized formalism which can be ap-
plied, in principle, to any excitation waveform. With this
new formalism, the applicability range of the two-
dimensional correlation approach has been greatly
extended.1422

Considering a time-dependent spectral intensity y(v,t)
observed for a period between —T/2 and T/2, the
dynamic spectrum §(v,t) is defined as

. Jyw,t) = y(v) for = T2 <t <T/2
¥ _{O otherwise (1)

y(v)is the reference spectrum and can be selected in a
number of ways depending on the specific excitation
waveform.14=16 |n dealing with nonperiodic time-de-
pendent behavior, as in the present case, the most
effective choice of the reference spectrum is the ground-
state spectrum of the system, well before the application
of the excitation (t — —o0).15.16

The complex cross-correlation intensity between dy-
namic spectral intensities at wavenumbers v, and v; is
defined as

- l 00 ~ ~
D(vy,v;) + W) = = [ Y 0,0) Y*(rp0) do  (2)
In the above equation, Y(v1,w) represents the forward
Fourier transform (FT) of the dynamic spectral intensity
Y(vi,b), i.e.
Yr,0) = [ v, e " dt ®)

while Y*(v,,0) is the conjugate of the FT of the dynamic
spectral intensity §(v,,t), that is

Y*(p0) = [ §(v,,t)e' dt (4)
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From eq 4, the synchronous and asynchronous cor-
relation intensities can be explicitly written in terms
of the real and imaginary components of the FT as

B(vy,1) = == [ {Re[¥(v1,0)] Re[V(v,0)] +
Im[Y(vy,@)] Im[Y(v,,w)]} do (5)

W(ry,v) =~ [ OIMIY (v, 0)] Rel¥ (v, 0)] -
Re[Y(r,,0)] IMY ()]} do> (6)

Equations 5 and 6 are often employed for the numer-
ical evaluation of the functions ®(v1,v2) and W(v1,v2) by
direct Fourier transformation of the experimental spec-
tra.2® Recently, a more efficient approach based on the
Hilbert transform has been proposed,?* which is the one
adopted in the present contribution (see Experimental
Section).

If we consider the specific case of time-dependent
spectral intensities having an exponential decay dy-
namic behavior, the general form of such intensity at
wavenumber v can be expressed as

g(v,t) = A(w)e )t for t =0
0 otherwise

yw.t) = { ()

where A(v) and k(v) are the coefficient of the decay
process and the characteristic rate constant, respec-
tively. To determine the complex cross-correlation func-
tion, we consider two spectral intensities at frequencies
vy and vz, having different values of A and k. The
Fourier transform, Y(v1,w) and the complex conjugate
Fourier transform, Y*(v,,w) of these dynamic spectral
intensities are given by

- o . A
Y(r0) = [ A@)e e dt = k(vl)(—vi)lw (8)
Y*(rp0) = [ P dt = o =i (2)( V_Z)iw (9)
Thus, eq 2 becomes
D(vy,v,) +i1W(vy,v)) =
AWDAW,) k(@)K + i[k(vy) — K)o + o’
4l ° [K¥(v) + ”][K*(v,) + 0]
(10)

from which the synchronous and asynchronous correla-
tion intensities can be evaluated by solving the integral
in the left side of eq 10:16
A)A(v,) 1
T K(vy) + k(vy)
A(vpA(v,) In k(v,) — In k(vy)
T k(v,) + k(v,)

D(vy,v,) =

W(vy,v,) = (12)

Equations 11 and 12 highlight the meaning of the
synchronous and asynchronous spectra. In the synchro-
nous spectrum a peak will appear at coordinates (v1,v2)
whenever there is a pair of peaks located at v; and v,
in the frequency spectrum undergoing simultaneous
intensity changes during the sampling interval. The
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synchronous spectrum is symmetric [i.e. ®(vy,12) =
d(v2,v1)] and consists of autopeaks located along the
main diagonal (i.e at coordinates vj, vi) and cross-peaks
appearing at off-diagonal positions. The autopeaks
identify the signals that undergo changes during the
experiment. They are always positive and their intensity
can be considered as a measure of the susceptibility of
the relative signals to the external stimulus.’*1> The
cross-peaks, on the other hand, are positive if the two
signals change in the same direction (they both increase
or decrease) and are negative otherwise.

The asynchronous correlation spectrum identifies
decay processes having different rates as a result of the
term In k(v2) — In k(v1), which assume nonzero values
only if the rate constants for the decay processes at the
two wavenumbers are different. Therefore, it contains
no autopeaks but only cross-peaks at off-diagonal posi-
tions. The asynchronous spectrum is antisymmetric [i.e.
Y(vi,v2) = — Y(va,v1)]; a cross-peak at coordinates (v1,12)
is positive if the intensity change at v, is accelerated
with respect to that at v, and is negative otherwise.
However, this rule is reversed if ®(vy,v,) < 0.14716 A
direct comparison between the synchronous and asyn-
chronous spectra is also informative. Recalling that any
two intensities changing simultaneously with time will
produce synchronous peaks while only those changing
at different rates will give rise to asynchronous peaks,
a synchronous peak at (v1,v2) having no counterpart in
the asynchronous spectrum, indicates that the decay
processes at the corresponding frequencies are occurring
at the same rate.

Experimental Section

Materials and Preparation Procedures. The epoxy
monomer was a commercial grade of tetraglycidyl-4,4'diami-
nodiphenylmethane (TGDDM), supplied by Ciba-Geigy (Basel,
Switzerland). It had an epoxy equivalent weight (EEW) of
124.1 g equivt, measured by potentiometric titration. The
hardener was 4,4'-diaminodiphenyl sulfone (DDS), received
from Aldrich (Milwaukee, WI) and the bis(maleimide) compo-
nent was N,N’-bis(maleimide)-4,4'-diphenylmethane (BMI),
also from Aldrich. The reagents were used as received, without
further purification. Details about the preparation procedures
for the TGDDM/DDS resin and the ternary TGDDM/DDS/BMI
mixtures are reported elsewhere.”® The composition of the
reactive mixtures was 100/30 weight ratio (corresponding to
1/0.5 mol ratio) for the TGDDM/DDS network, and 100/30/
100 weight ratio (corresponding to 1/0.5/1.2 mol ratio) for the
TGDDM/DDS/BMI network.

To obtain infrared spectra suitable for quantitative analysis
according to the Beer—Lambert relationship, the absorbance
of the peaks of interest must not exceed values in the region
1.3—1.5 units. Films for these studies (5—10 um of thickness)
were prepared by dissolving TGDDM, DDS, and BMI in the
appropriate amounts, in acetone (total concentration 10 wt %),
followed by casting on KBr disks and vacuum-drying. Curing
(140°C, 16 h) and post-curing (200°C, 4 h) were carried out
under nitrogen.

FTIR Spectroscopy. Transmission FTIR spectra were
obtained using a System 2000 spectrometer from Perkin-Elmer
(Norwalk, CT). This instrument employs a germanium/KBr
beam splitter and a deuterated tryglycine sulfate (DTGS)
detector. The instrumental parameters adopted for the spectral
collection were as follows: resolution 4 cm™2, optical path
difference (OPD) velocity = 0.20 cm s, and spectral range
4000—400 cm™*. A single data collection was performed for
each spectrum (3551 data points) which, in the selected
instrumental conditions took 6 s to complete. It was found that,
even with a single acquisition, the signal-to-noise ratio of the
spectra (5000:1) was suitable for 2D IR analysis. A typical
kinetic test comprised 200 spectra acquired at intervals of 5
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min over a time period of 1000 min. A dedicated software
package for the acquisition of time-resolved infrared spectra
was used to drive the FTIR spectrometer during the test
(Timebase V. 1.1 from Perkin-Elmer).

The isothermal kinetic measurements of the degradation
process were carried out in an environmental chamber directly
fitted in the spectrometer, which was constructed in house by
modifying the commercially available SPECAC 20100 cell. This
unit was controlled by a Eurotherm PID temperature regulator
model 2416, with an accuracy of +0.5 °C. All measurement
were carried out at 200 °C under a continuous flux of air (60
cm® min?).

2D IR Correlation Analysis. Before performing cross-
correlation analysis, the experimental spectra were prepro-
cessed to avoid the occurrence of artifacts due to baseline
instabilities and other nonselective effects.?>26 The frequency
regions of interest (2600—3800 and 1400—1950 cm™?) were
truncated and were subjected to a linear baseline correction,
followed by offset to the zero absorbance value. Generalized
2D IR analysis was performed by a computer program com-
posed by the author within the Grams/32 environment (Ga-
lactic Industries Co., Salem, NH), using the associated pro-
gramming language Array Basic.

A recently developed algorithm was employed, which does
not rely directly on Fourier transformation but rather on the
Hilbert transform, and offers an easier and more efficient
method for the numerical evaluation of the correlation intensi-
ties.?* In matrix notation, a discrete set of dynamic spectra
measured at m equally spaced time intervals between Tpin and
Tmax May be conveniently expressed as a column vector:

y(v.ty)
y(v.tp)

y) = (13)

J(t,)

With this notation, the synchronous and asynchronous
spectra are concisely represented as

B, v) = 2 907)'I0) (14)
Wr,vy) = —E= 90) INY () (15)

where N is the Hilbert—Noda transformation matrix, given
by

0 if j =k
Ik ——— otherwise
7k —J)

Equations 14 and 15 constitute the algorithms embodied
in the program for the calculation of the 2D IR spectra. The
2D correlation analysis was performed on an evenly spaced
sequence of 50 spectra collected with a constant sampling
interval of 20 min. It was found that considering shorter time
intervals does not improve the quality and resolution of the
resulting correlation spectra.

The notation adopted to identify the peaks appearing in the
correlation spectra is the following: the x-axis frequency
coordinate is written first, followed by the y-axis coordinate,
both enclosed in square brackets. Following the coordinate
values, a £ sign enclosed in round brackets specifies the
positive or negative value of the peak. The sign is omitted for
autopeaks, as these are always positive. It is explicitly noted
that, to be concise, only the peaks appearing in the lower side
of the spectrum with respect to the diagonal line with
coordinates [v;,vi] are referred to, with the understanding that,
due to the symmetry of the correlation spectra, corresponding
cross-peaks are located in the upper side of the spectrum, at
appropriate positions. Also, whenever the number of peaks is
mentioned, it is referred to those appearing in the lower side
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Figure 1. Transmission FTIR spectra in the wavenumber
range 1950—1400 of the TGDDM/DDS network collected in
situ at different times during thermal-oxidative degradation.
Traces: (A) collection time, t, = 0 min; (B) t =25 min; (C) t=
50 min; (D) t = 75 min; (E) t = 125 min; (F) t = 250 min; (G)
t = 350 min; (H) t = 500 min; (1) t = 750 min; (L) t = 1000
min. Arrows’ direction indicates absorbance increase or de-
crease of the corresponding peaks.

of the correlation spectrum, with the understanding that the
total number of peaks is twice the reported value.

Results and Discussion

Unmodified Epoxy Network (TGDDM/DDS Sys-
tem). Carbonyl Range (2000—1400 cm™1). In the
present contribution the attention is focused on the two
regions of the infrared spectrum that are more sensitive
to the molecular rearrangements taking place during
the thermal-oxidative process. These regions occur
between 1950 and 1400 and between 3800 and 2600
cm™1. Figure 1 depicts a series of transmission FTIR
spectra in the 1950—1400 cm~? interval, collected at
various times for the TGDDM/DDS epoxy system during
the degradation process. Extensive changes are appar-
ent, and in particular, the steady increase of a multi-
component carbonyl band, and the decrease of two
aromatic absorptions at 1591 and 1510 cm™! and of a
low intensity peak at 1454 cm™1.

The synchronous cross-correlation spectrum obtained
from the data of Figure 1 is displayed in the form of a
pseudo three-dimensional plot (i.e., a fish-net represen-
tation) in Figure 2. Underneath the intensity surface,
it is also shown the contour plot obtained therefrom. In
this alternative representation, the peaks can be quickly
identified as the spots of brighter (positive) or darker
(negative) color with respect to the uniform color of the
background. The contour plot gives only a qualitative
account of the features present in the correlation
spectra. The evaluation of the exact coordinates of the
various peaks and of their true intensity requires
examination of the whole intensity surface by appropri-
ate software tools, followed by analysis of several slice
diagrams cut along one of the two frequency coordinates.
Nevertheless, it appears that contour plots remain the
more efficient way to give, in a single, static view, an
overall representation of the correlation spectra, and
therefore, is the type of representation adopted in the
rest of the present contribution.

In the synchronous spectrum displayed in Figure 2
only two autopeaks are evident at [1683, 1683 cm~] and
at [1510, 1510 cm™1], corresponding to the spectral
features that are more sensitive to thermal oxidation.
The peaks at 1591 and 1454 cm™! produce only a very
limited autocorrelation intensity, owing to a more
limited variation and, therefore, do not display them-
selves as autopeaks. However, at least the peak at 1454
cm™1 gives rise to distinct cross-peaks.
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Unlike the autopeak at [1510, 1510 cm™1] which is
very sharp, the one centered at [1683, 1683 cm™1] is
considerably broader, reflecting the unresolved, multi-
component profile of the carbonyl band from which it
originates. Three distinct cross-peaks are identified at
[1683, 1510 cm™! ()], [1683, 1454 cm~! (—)] and [1510,
1454 cm™1 (+)], corresponding to the simultaneous
change of the associated functional groups. It is noted
that the cross-peaks involving the 1683 cm~! band
display a characteristic elongated shape as a conse-
guence of the convolution between a broad band and a
sharp peak. The two above cross-peaks are both nega-
tive, reflecting the fact that the spectral features from
which they derive, change in the opposite direction.

In Figure 3 is reported the asynchronous correlation
spectrum calculated from the data of Figure 1, which
clearly evidence the resolution enhancement obtained
by spreading the spectrum over the second frequency
dimension. In the carbonyl area, two distinct features
are found, centered, respectively, at [1710, 1676 cm™2
(—)] and [1676, 1641 cm™! (+)]. This indicates that the
1676 cm~1 component, which forms the main contribu-
tion in the carbonyl profile, increases at a faster rate
than the species absorbing above 1700 cm™t. These
latter species absorb in a relatively wide range of
frequencies, as indicated by the elongated shape of the
relative cross-peak, but the most intense component
occurs at 1710 cm™1, in correspondence to the maximum
of the cross-peak.

In a previous contribution,® a thermal-oxidative deg-
radation mechanism was proposed on the basis of time-
resolved FTIR spectroscopy results, which identified
several concurrent pathways. One of these routes
produces amide species (structure 1) while another route
gives rise to the ketonic structure 11 and to the unsatur-
ated aldehyde species I11.

O O,
""""N—C< i N—CH,—C==0 \C—CH=CH_N‘""‘”
H /
H
H, H, 02
N,
N AN AN
I I it

The 1676 cm~1 component may safely be identified
with the amide group I, while the functional groups
absorbing above 1700 cm™1 arise from the aldehyde and
ketone groups 111 and 1. The wide absorption range is
likely related to the multiplicity of species formed and/
or to the occurrence of molecular interactions of the
hydrogen bonding type, which lower the frequency of
the carbonyl stretching absorption. In particular, the
principal component at 1710 cm~! may originate from
o—f unsaturated aldehydes (111) and/or to the ketonic
groups Il interacting with proton donor moieties such
as —OH and —NH, localized onto the network. The
mechanisms giving rise to amide groups and to alde-
hyde/ketone structures are competitive and the results
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Figure 2. Three-dimensional plot of the synchronous 2D correlation spectrum (fish-net representation) in the wavenumber range
1450—-1900 cm™* for the TGDDM/DDS network. Below the three-dimensional diagram, is represented the contour plot obtained
from the intensity surface.
1900

.002

1800

-.002

o
|
|
|

1700

1600

1500

1450 1500 1550 1600 1650 1700 1750 1800 1850 1900

Figure 3. Asynchronous 2D correlation spectrum in the wavenumber range 1450 —1900 cm™? for the TGDDM/DDS network.

of the 2D IR analysis point to the predominance of the With respect to the species at 1641 cm~! identified
former pathway. as a cross-peak in the asynchronous spectrum, it is
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likely to be attributed to amide linkages interacting with
the proton donor groups (—OH, —NH) of the network.
The amide linkages, once formed, have to find the
appropriate group to form the molecular interaction, and
this accounts for the temporal relationship evidenced
in the asynchronous peak (the 1676 cm~! component
increasing at a faster rate than the one at 1641 cm™1).

The 1676 cm~1 component produces two other cross-
peaks arising from the correlation with the two aromatic
peaks at 1591 and 1510 cm~1. We recall that, according
to the assignments proposed in ref 9, the 1591 cm~?
peak is due to a ring stretching mode of the p-disubsti-
tuted aromatic ring of the DDS unit, while the 1510
cm~! peak originates from a ring stretching mode of the
TGDDM aromatics:

_is10em” + : | 1 1591 em!
1 : 0
e 5o |
N LN
E fo ] ! LN
TGDDM unit DDS unit

The signs of the asynchronous peaks indicate that the
amide carbonyl changes at a faster rate than the two
aromatic peaks [W(1676, 1591) and W(1676, 1510) < O;
®(1676, 1591 cm~1) and ®(1676, 1510 cm™1) < 0].
According to the degradation mechanisms proposed in
ref 9, the loss of aromatic rings is mainly related to the
mechanisms producing aldehyde and ketone groups,
while the amide groups originate from an alternative
route mainly involving the aliphatic moiety of the
network. Therefore, the temporal relationships deduced
from the above cross-peaks confirm the conclusions
already anticipated from the analysis of the carbonyl
area, i.e., that the “amide route” prevails over the
“aldehyde/ketone route”.

A further relevant feature to be discussed is the
asynchronous peak relating the two aromatic rings of
the TGDDM and DDS units, which is found at [1512,
1592 cm~1 (—)]. The sign of the peak indicates that the
concentration of TGDDM aromatic rings decreases at a
faster rate than that of the DDS aromatics. This
conclusion is in agreement with an earlier kinetic
analysis of the degradation process made by conven-
tional, time-resolved FTIR spectroscopy® and can be
accounted for by assuming the occurrence of an inde-
pendent degradation pathway starting at the methylene
groups joining two aromatic rings in the TGDDM unit.
Clearly, this additional mechanism will involve selec-
tively the TGDDM aromatics, since the DDS unit has a
much more stable substituent in this position (SO,
group).

2D IR analysis provides further evidence for the direct
involvement of the methylene groups in the degradation
mechanism. In fact a composite peak characteristic of
the various CH, groups can be identified at 1454 cm™1
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Figure 4. Transmission FTIR spectra in the wavenumber
range 3800—2600 of the TGDDM/DDS network collected in
situ at different times during thermal-oxidative degradation.
Traces: (A) collection time, t, = 0 min; (B) t =25 min; (C) t =
50 min; (D) t = 75 min; (E) t = 125 min; (F) t = 250 min; (G)
t = 350 min; (H) t = 500 min; (I) t = 750 min; (L) t = 1000
min. The arrows’ directions indicate absorbance increase or
decrease of the corresponding peaks.

(an in-plane deformation mode). This feature is found
to decrease with time (see Figure 1) and to produce two
distinct cross-peaks in the synchronous spectrum (see
Figure 2) relating this signal with the carbonyl absorp-
tion [1683, 1545 cm~! (—)] and with the TGDDM
aromatic peak [1510, 1454 cm™! (+)].

2600—3800 cm~! Range. In Figure 4 are reported
several FTIR spectra in the 3800—2600 cm~! interval,
collected at various times for the TGDDM/DDS epoxy
system during the degradation process. It is noted that
the broad band originally centered at about 3500 cm™1,
due to extensively self-associated O—H groups, de-
creases considerably and shifts at 3356 cm ™, indicating
the formation of new species absorbing in the lower side
of the voy range. In the vcy range, a complex and
unresolved multiplet is observed, originally centered at
2923 cm™1, which decreases in intensity and changes
substantially in shape. Clearly, the resolution enhance-
ment brought about by 2D IR analysis is particularly
useful in this frequency range to unravel details which
remain undetectable in the mono-dimensional spectra.

Figure 5 depicts the synchronous spectrum in the
2600—3800 cm™! range, which exhibits three distinct
autocorrelation peaks centered, respectively, at [2834,
2834 cm™1], [2890, 2890 cm™1], and [3512, 3512 cm™1].
Those located below 3000 cm~! are very sharp, while
the one at higher frequency gives rise to a broad area
reflecting, as in the carbonyl range, the wide shape of
the band from which it originates. The three autopeaks
give rise to three corresponding cross-peaks at [2890,
2834 cm™1 (+)], [2834, 3512 cm™! (+)] and [2890, 3512
cm~1 (+)] which are all positive, since the spectral
features they derive from, simultaneously decrease with
time. The new component appearing at 3356 cm~1 (see
Figure 4) does not produce an autopeak, since it
originates from a gradual shift of the feature initially
centered at 3405 cm~!. However, it produces three
characteristic cross-peaks having the flat and elongated
shape typical of cross-correlation intensities deriving
from peak shifts.2526

The asynchronous spectrum is shown in Figure 6,
parts A and B. As in the case of the carbonyl region, it
displays the maximum enhancement of spectral resolu-
tion and the maximum amount of details. This effect is
to be related to the enhanced selectivity of the asyn-
chronous cross-correlation function, which, in turn,
derives from the term In k(v,) — In k(v1) (see eq 13).
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Figure 5. Synchronous 2D correlation spectrum in the wavenumber range 2700—3800 cm~* for the TGDDM/DDS network.

The region below 3000 cm™! (see Figure 6B) is
characterized by five sharp peaks, located, respectively,
at [2926, 2835 cm™1 (+)], [2926, 2884 cm™~! (+)], [2958,
2835 cm™1 (+)], [2958, 2884 cm ™! (+)], and [2943, 2926
cm~1 (=)]. Of the five components from which the
asynchronous peaks originate, the one at 2884 cm~1 can
be unambiguously identified as the vy vibration of the
tertiary carbon atom (R,—CH—OH group). Analogously,
the components at 2958, 2943, and 2926 cm~1! can be
associated with the out-of-phase stretching vibrations
(vas) of different methylene groups. In particular, the
2958 cm~! peak is seen to increase in intensity during
the later stages of the process and therefore is to be
associated with a CH; group being formed as a conse-
quence of molecular rearrangements. In view of the
rather high absorption frequency, it is tentatively as-
signed to the methylene linked to the nitrogen atom and
to the carbonyl group in the ketonic structure Il. The
2943 and the 2926 cm~! components both decrease
steadily with time and can be attributed to the two
different CH, groups present in the TGDDM/DDS
network, i.e., those located on the aliphatic portion of
network, next to the nitrogen atoms, and those connect-
ing the aromatic rings of the TGDDM unit. In view of
the fact that CH, groups linked to —NHR or —NR;
groups absorb at frequencies slightly higher than the
usual interval,2’=29 we tentatively assign the component
at 2943 cm™1 to the latter species. Finally, the remaining
feature at 2835 cm™1 is likely to be associated with a
CH_ symmetric stretching, possibly corresponding to the
vas Vibration at 2943 cm~1, since no cross-peaks are
observed at the relative frequency coordinates, as
expected for two peaks sharing exactly the same rate
of change.

The results of the 2D IR analysis confirm the involve-
ment of the aliphatic portion of the TGDDM/DDS
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network both at the tertiary carbon atom and at the
methylene positions. The direct involvement of the CH
group linked to the aromatic rings of the TGDDM unit
is further substantiated. The positive value of the
asynchronous intensities at [2926, 2835 cm~1] and
[2926, 2884 cm™1], taken together with the negative
value of the peak at [2943, 2926 cm~1] indicate that the
degradation mechanism initiating at the CH; position
within the TGDDM unit is faster than that starting onto
the aliphatic unit, i.e., that the aromatic disubstituted
methylene is the less stable.

Above 3000 cm~! a wide, unresolved area is observed,
with minima at [3550, 3315 cm~! (—)] and [3550, 3115
cm™1 (=)]. These features are related to the decrease of
the broad band due to due to extensively hydrogen-
bonded O—H groups, coupled with the shift of its
maximum toward lower frequencies. The decrease of the
von absorption also produces a series of cross-peaks in
connection with the already discussed components in
the vcy frequency range. In particular, distinct minima
are revealed at [3550, 2958 cm~! (—)], [3550, 2926 cm~1
(—)] and a maximum at [3550, 2880 cm™! (+)]. The
temporal relationship deduced from the sign of the
[3550, 2926 cm™1] peak points to a faster rate of
consumption of CH; with respect to hydroxyl groups. It
has been proposed?® that the auto-oxidation sequence in
TGDDM/DDS networks starts by dehydration followed
by hydrogen abstraction at the allylic position. The
previous result seems to indicate a concurrent initiation
directly onto the methylene group.

Ternary System TGDDM/DDS/BMI. Carbonyl
Range (2000—1400 cm™1). Figure 7 displays a series
of spectra in the 2000—1420 cm~! interval, collected at
various times for the TGDDM/DDS/BMI system during
the degradation process. As already noted for the pure
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Figure 6. Asynchronous 2D correlation spectrum for the TGDDM/DDS network: (A) wavenumber range 2700—3800 cm™; (B)

wavenumber range 2750—3050 cm™1.

epoxy resin, the spectrum of the ternary system also
changes substantially as a result of thermal oxidation.
In particular, it is observed a steady increase of the
carbonyl absorption along the wings of the principal
component (the v, mode on of the imide carbonyl). The

aromatic peaks centered at 1592 and 1510 cm~! de-
crease in intensity, especially the latter. Clearly, due
to the presence of the BMI component, the spectrum is
more complex and less resolved than that of the parent
network, and therefore, the application of bidimensional
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Figure 7. Transmission FTIR spectra in the wavenumber
range 1950—1400 of the TGDDM/DDS/BMI network collected
in situ at different times during thermal-oxidative degradation.
Traces: (A) collection time, t, = 0 min; (B) t = 25 min; (C) t =
50 min; (D) t = 75 min; (E) t = 125 min; (F) t = 250 min; (G)
t = 500 min; (H) t = 750 min; (I) t = 1000 min. The arrows’
directions indicate absorbance increase or decrease of the
corresponding peaks.

analysis is expected to be even more effective in this
case.

Figure 8 shows the synchronous spectrum derived
from the data of Figure 7. Three autopeaks can be
distinguished at [1735, 1735 cm™1], [1680, 1680 cm™1],
and [1510, 1510 cm~1], whose correlation produce three
corresponding cross-peaks at the relative frequency
coordinates. The higher frequency autopeak is related
to the imide carbonyl, while the remaining two auto-
peaks and the relative cross-peaks are coincident with
those already observed and discussed for the case of the
neat epoxy system.

In Figure 9 is reported the asynchronous spectrum
in the 1420—1900 cm~? range. A direct comparison with
the corresponding spectrum of the epoxy system, evi-
dences several interesting features. First of all, an
exactly coincident pattern can be identified in the two

1900
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1600

1500
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correlation spectra, with respect to both the position and
sign of the cross-peaks, comprising most of the features
present in the pure epoxy resin. From the point of view
of the thermal-oxidative mechanism, the above observa-
tion is very relevant. It is, in fact, a direct evidence of a
common degradation mechanism taking place in the two
systems. Recalling that the ternary TGDDM/DDS/BMI
mixture displays an IPN like molecular structure com-
prising a TGDDM-DDS network and a BMI homonet-
work, it is concluded that the former network undergoes
thermal-oxidative degradation independently of the
presence of the BMI component.

The identification of characteristic patterns offers an
additional advantage of 2D IR spectroscopy in the
analysis of multicomponent reacting systems. The oc-
currence of features of this type, analogous or coincident
to those present in the 2D spectra of the parent systems,
constitutes a sort of “molecular mechanism fingerprint”
which positively identifies specific reaction pathways
and indicates that the presence of the additional com-
ponent(s) do not alter the original reaction mechanism
but adds, if that be the case, additional, independent
reaction pathways.

In the spectrum of Figure 8, additional cross-peaks
are generated by correlation with a component at 1735
cm™1, and appear at [1735, 1676 cm~ (—)], [1735, 1591
cm™! ()], and [1735, 1500 cm™! (-)]. The 1735 cm™?
feature, being absent in the binary mixture spectrum,
is clearly related to the BMI carbonyl, and more
specifically, to the v,s mode originally centered at 1714
cm~1. The fact that the frequency at which the cross-
peaks appear is considerably higher than the original
position of the carbonyl absorption is not easily ac-
counted for. Tentatively, it might be ascribed to a
gradual shift toward higher wavenumbers of the peak
position, and/or to an interfering effect caused by the

.02
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Figure 8. Synchronous 2D correlation spectrum in the wavenumber range 1450—1900 cm™* for the TGDDM/DDS/BMI network.
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Figure 9. Asynchronous 2D correlation spectrum in the wavenumber range 1450 —1900 cm~* for the TGDDM/DDS/BMI network.

contribution of the concurrently growing carbonyl groups
arising from the oxidative degradation of the TGDDM/
DDS network. In any event, the above features indicate
the involvement of the BMI homonetwork in the deg-
radation process; the sign of the cross-peaks evidence
that the imide carbonyls decay at a slower rate than
the oxygen-sensitive groups of the TGDDM/DDS net-
work (CH, OH, TGDDM and DDS aromatic rings) and
such a lower degradation rate of BMI represents the
underlying reason for the enhanced temperature stabil-
ity of the ternary system as compared to the binary
TGDDM/DDS resin.

In the asynchronous spectrum of the TGDDM/DDS/
BMI system it is noted a further cross-peak at [1510,
1500 cm~! (=)] which is absent in the spectrum of the
parent network. It originates from the cross-correlation
of the TGDDM aromatic absorption located at 1510 cm~?
with the analogous vibrational mode of the BMI unit,
which absorb at a slightly lower frequency, as revealed
by the spectrum of the neat imide monomer. These two
components are completely overlapped in the frequency
spectrum, but are resolved in the 2D spectrum. The sign
of the cross-peak confirms the already noted temporal
relationship, i.e., that the degradation of the BMI
network is slower than that of the TGDDM/DDS net-
work.

2600—3800 cm~! Range. The sequence of FTIR
spectra for the ternary system in the wavenumber range
3800—2600 cm™1 is reported in Figure 10, while the
synchronous spectrum calculated therefrom is shown in
Figure 11. The latter resembles very closely that of the
unmodified epoxy resin, the only relevant difference
being the position of the high-frequency autopeak, which
is found at [3540—3540 cm~1], while the corresponding
feature in the epoxy resin spectrum is located about 30
cm~1 below. This simply reflects the initial position of
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Figure 10. Transmission FTIR spectra in the wavenumber
range 3800—2600 of the TGDDM/DDS/BMI network collected
in situ at different times during thermal-oxidative degradation.
Traces: (A) collection time, t, = 0 min; (B) t =25 min; (C) t =
50 min; (D) t = 75 min; (E) t = 125 min; (F) t = 250 min; (G)
t =500 min; (H) t = 750 min; (I) t = 1000 min. The arrows’
directions indicate absorbance increase or decrease of the
corresponding peaks.

the broad von band giving rise to the autopeak, which,
in the ternary network is displaced toward higher
frequencies, as a consequence of a different distribution
of hydrogen-bonding interactions in the two systems.
The close correspondence of the synchronous spectra of
the two investigated networks is to be expected owing
to the predominance of the TGDDM/DDS spectrum over
that of the BMI in the present frequency range. How-
ever, this result further confirms the occurrence of the
same reaction mechanism in the two cases, involving
selectively the TGDDM/DDS network.

The same conclusion can be drawn by inspection of
the asynchronous spectrum of the TGDDM/DDS/BMI
mixture (see Figure 12). Features analogous to those
observed in the corresponding spectrum of the unmodi-
fied epoxy resin are found at [3542, 3330 cm™! ()],
[3542, 3030 cm™1 (—)], [3325, 2915 cm™! (+)], [3325, 2831
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Figure 12. Asynchronous 2D correlation spectrum in the wavenumber range 2700—3800 cm™ for the TGDDM/DDS/BMI network.

cm~1 ()], and [3031, 2915 cm~1] and can be analogously Concluding Remarks

interpreted. In the aliphatic vcy range, the asynchro-

nous spectrum is further complicated by the presence The present contribution has demonstrated the use-
of components due to the CH; stretching of BMI, which fulness of 2D IR analysis as an advanced interpretative

contribute to worsen the resolution. tool for time-resolved FTIR data, in studies on high-
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temperature, thermal-oxidative degradation of poly-
mers. In particular, it has been shown that, for systems
showing an exponentially decaying dynamic behavior,
a considerable enhancement of resolution can be achieved
by spreading the spectrum over the second frequency
domain, especially in the case of the asynchronous cross-
correlation spectrum, which, due to its peculiar func-
tional form is more specific and richer of information.

The application of the bidimensional cross-correlation
approach to analyze the degradation behavior of two
TGDDM based systems, led to the following conclusions:

«The aliphatic chain of the TGDDM/DDS network is
involved in the molecular breakdown process in its
entirety, i.e., with the disappearance of hydroxyl, CH;
and CH groups.

«The oxygen attack causes the formation of several
oxygenated species, deriving from two concurrent and
competitive pathways. One of these paths gives rise to
the formation of amide groups, while the other leads to
aldehyde and/or ketone functionalities. The mechanism
producing amide groups seems to prevail over that
leading to aldehyde/ketone groups.

«The auto-oxidation sequence gives rise to depletion
of the disubstituted aromatic rings of both the TGDDM
and DDS units. However, the decay in concentration of
TGDDM aromatics is faster than that of DDS aromatics,
and this result has been taken as an evidence of an
alternative mechanism starting at the diphenyl-substi-
tuted methylene group of the TGDDM unit. Such a
mechanism is found to be faster than that starting at
the aliphatic chain, likely by dehydration, followed by
allylic hydrogen abstraction.

eThe ternary system comprising TGDDM, DDS, and
BMI is found to produce cross-correlation spectra having
similar patterns than those of the binary TGDDM/DDS
network. This is an evidence that, in the IPN system,
the TGDDM/DDS network degrades in exactly the same
way as it does in the unmodified epoxy resin.

«The BMI homonetwork present in the IPN system
is also found to undergo thermal-oxidative degradation.
The degradative process involves the imide carbonyls,
and the disubstituted aromatic rings. Some evidence of
the involvement of the methylene group is also present
in the asynchronous spectrum.

eIn the IPN system the degradation rate of the BMI
homonetwork is lower than that of the TGDDM/DDS
network, and this represents the underlying reason for
the enhanced stability of the ternary mixture as com-
pared to the binary TGDDM/DDS system.
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