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a b s t r a c t

Direct dynamics simulations at the MP2/6-31+G⁄ level of theory were performed to study the unimolec-
ular decomposition of the epoxy resin constituent CH3ANHACH@CHACH3 for the hyperthermal temper-
atures of 3500–5500 K. At these temperatures 33 different primary decomposition pathways were found,
with CAN bond dissociation to form CH3 + NHACH@CHACH3 the most important path. In addition, dur-
ing the 5.1 ps integration time of the simulations, an additional 15 secondary decomposition pathways
were observed. The unimolecular products of the simulations are in qualitative agreement with those
observed in the high temperature decomposition of a cross-linked epoxy resin for which
CH3ANHACH@CHACH3 is a constituent.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction error experimentation; on the other hand, they provide insightful
Crosslinked epoxy resins, resulting from open-ring copolymeri-
zation of epoxy resins by ‘‘hardener’’ compounds, are a major class
of thermosetting polymers. They often are superior as compared to
linear polymers, for properties such as high modulus and fracture
strength, low creep and high-temperature performances, and thus
widely serve as coatings, adhesives, composites, etc. in the elec-
tronics and aerospace industries [1–4]. On the other hand, layered
double hydroxides (LDHs) are a family of layered crystals, which
can be modified by intercalating organic ions between the lamellas
and can be profitably used as nanofillers for the synthesis of nano-
composites [5–8]. Inorganic/organic nanocomposites typically
have better mechanical, thermal, optical and physico-chemical
properties than the pristine polymer. It has been reported that
exfoliated nanocomposites formed by LDH-aminobenzoate and
epoxy showed significant enhancement in mechanical and thermal
properties; e.g., increased tensile modulus, lower coefficient of
thermal expansion and higher decomposition temperature [9].

Extensive applications of cross-linked epoxy resins continue to
be important for a variety of studies. A detailed understanding of
the resins’ decomposition pathways is necessary to better interpret
experiment and to have a more accurate description of epoxy
nanocomposites. There have been experimental studies on the
thermal degradation of bisphenol-a diglycidyl ether cured with
ethylene diamine, but apparently there are no complementary the-
oretical studies for such resins [10].

Computer simulations provide an excellent route to study these
polymer networks. While on one hand, they can reduce trial and
All rights reserved.
information which is often difficult to extract from experiments.
In the current paper, direct dynamics simulations [11,12] are re-
ported for the gas-phase unimolecular decomposition of the
cross-linked epoxy resin constituent, CH3ANHACH@CHACH3,
[10] using the MP2/6-31+G⁄ level of theory. The primary and sec-
ondary isomerization and dissociation unimolecular pathways for
this model molecule are established.

2. Computational methodology

The simulations were performed using direct dynamics in which
the technology of classical trajectory calculations is coupled with
electronic structure theory. In this manner, the gradient, energy
and possibly Hessian [13,14] needed to calculate the trajectory come
directly from an electronic structure theory, without the need for an
analytic potential energy function. To initialize the trajectories, the
phase space of the reactant molecule is excited randomly at fixed en-
ergy E to form a microcanonical emsemble [15].

The simulations of CH3ANHACH@CHACH3 unimolecular
decomposition were performed by exciting microcanonical ensem-
bles of molecules so that their temperatures (E = skBT, where s is
the number of vibrational modes for the molecule) were 3500,
4000, 4500, 5000, and 5500 K. The software package consisting of
the chemical dynamics computer program VENUS [16,17] inter-
faced with the NWChem [18] electronic structure computer pro-
gram was used for the simulations. A sixth-order sympletic
integration algorithm [19,20] was used to propagate each trajec-
tory with a time step of 0.3 fs. A total of 100 trajectories were cal-
culated for each temperature. The simulations were performed by
direct dynamics using the MP2/6-31+G⁄ electronic structure the-
ory. The trajectories with T of 3500–5000 K were integrated for tmax
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of 5.1 ps or until a unimolecular reaction occurred. The 5500 K tra-
jectories were integrated with tmax = 3.3 ps. The total energy of the
trajectories was conserved to within 0.2 kcal/mol. The primary and
secondary unimolecular decomposition pathways for the mole-
cules were determined by animating the trajectories.

The above temperatures of 3500–5500 K, based on the total
energies E = skBT, are classical. It is of interest to determine the
quantum temperatures for these energies and see if they are signif-
icantly different. This latter temperature is found by first subtract-
ing the CH3ANHACH@CHACH3 zero point energy from the total
energy to obtain the quantum vibrational energy Eq(T) for
CH3ANHACH@CHACH3. A thermal energy ei(T), at quantum tem-
perature T, is then added to each of the vibrational modes of
CH3ANHACH@CHACH3 to match this quantum vibrational energy;
i.e.

EqðTÞ ¼
X

eiðTÞ ¼ skBT � Ezpe ð1Þ

where

eiðTÞ ¼ hm=½expðhm=kBTÞ � 1� ð2Þ

The resulting quantum temperatures are similar to the classical
temperatures and 3338, 3863, 4384, 4901, and 5415 K, respectively,
for the classical temperatures of 3500, 4000, 4500, 5000, and
5500 K.

3. Simulation results

Our goal is to determine the types and probabilities of different
unimolecular dissociation pathways for the repeat unit of epoxy
resins (Fig. 1) to gain insight into the importance of different types
of decompositions. A total of 33 different primary decomposition
pathways were observed, and mechanistic analyses of these path-
ways and their relationship to experiment are presented here.
Some of the primary reaction products undergo secondary decom-
position during the limited time of the trajectory integrations, and
these secondary decompositions are also identified. It is under-
stood that, if the trajectories were run for longer times, more sec-
ondary dissociations will be observed.

3.1. Primary dissociation pathways

The number of trajectories, which decomposed by each of the
different primary decomposition pathways, is listed in Table 1.
The reactions are classified by type in the following.

3.1.1. Reactions producing the CH3 radical
As shown in Table 1, all bonds between two heavy atoms possi-

bly break. The most likely event is CAN bond rupture to form the
radicals �CH3 and �NHACH@CHACH3 (Path 1) with a probability
Fig. 1. Structure of CH3ANHACH@CHACH3, the molecule considered for the direct
dynamics unimolecular decomposition studies. The atom labels are for the heavy
atoms.
of at least 50% within the 3500–5500 K exciting temperature range.
Path 2 is rare event and only takes place at the higher temperatures
with very little probability.

Path 1 : CH3ANHACH@CHACH3 ! _CH3 þ _NHACH@CHACH3

Path 2 : CH3ANHACH@CHACH3 ! _CH3 þ CH3ANHACH@ _CH
3.1.2. Reactions producing H2

It is possible for any two hydrogen atoms on the backbone of
CH3ANHACH@CHACH3 to interact and form H2 as shown in Ta-
ble 1. These H2 formation pathways become important for temper-
atures of 4500 K and higher.

3.1.3. Reactions producing CH4

The reactions forming the CH4 molecule only take place at the
high temperatures of 5000 and 5500 K. The other products are also
closed shell, singlet state species. Methane is primarily formed
from the CH3 group bonded to the N-atom, with the H-atom
migrating from one of the other heavy atoms. Only for one of the
five CH4 forming reactions is the CH3 group bonded to the C-atom.
One of these reactions forms 3 products, i.e. H2 and NH@C@C@CH2

in addition to CH4 [21].

3.1.4. Reactions producing an amine
Four reactions occur to form amine products; i.e.

Path 1 : CH3ANHACH@CHACH3 ! CH3ANH2 þHC � CACH3

Path 2 : CH3ANHACH@CHACH3 ! CH2@NHþ CH2@CHACH3

Path 3 : CH3ANHACH@CHACH3 ! CH3AN@CH2 þ CH2@CH2

Path 4 : CH3ANHACH@CHACH3 ! CH3A _NHþ _CH@CHACH3

Path 5 : CH3ANHACH@CHACH3 ! CH3ANHA C
�

�
Hþ CH2@CH2

The first and second paths involve N2AC3 bond dissociation
and only differ by the H migration. For Path 1, a H-atom shifts from
C4 to N2 and for Path 2 this shift is from C1 to C3, forming methyl-
amine and methyleneimine, respectively. Path 3 includes C3AC4
bond breaking which is concerted with H-atom shifting from C5
to C3, to form CH3AN@CH2 and CH2@CH2. Path 4 is a N2AC3 bond
dissociation between N2 and C3 forming two radicals. It occurred
at all temperatures except the lowest temperature of 3500 K. The
remaining reactions occurred at the higher temperatures.

3.1.5. Reactions producing the CH2 radical
For the two reactions producing the CH2 radical, migration of a

H-atom from one of the ending CH3 groups to either N2 or C4 first
takes place, and then there is respective breakage of C1AN2 or
C4AC5 to form two alkene molecules.

3.2. Isomerization pathways

Ten isomerization pathways occur within the 3500–5500 K
temperature range as shown in Table 1. The isomerizations via
H-atom transfer, to form CH3AN@CHACH2ACH3 and
CH3ANHACH2ACH@CH2, are the most important. The first path in-
volves H-atom shifting from N2 to C4, forming a C3AC4 single
bond and N2AC3 double bond. For Path 2, migration of a H-atom
from C5 to C3 leads to a C4AC5 double bond and turns the
C3AC4 double bond into a single bond.

There are three CH3 migration pathways; i.e.

Path 1 : CH3ANHACH@CHACH3 ! NH@CHACHðCH3ÞACH3



Table 1
Number of reactions for the different unimolecular pathways.

Pathways Temp (K)

3500 4000 4500 5000 5500

_CH3 þ _NHACH@CHACH3 3 10 27 38 52
_CH3 þ CH3ANHACH@ _CH 1 1 3

H2 þ C
�

�
HANHACH@CHACH3

1 2 3

H2 þ CH3AN@C@CHACH3 1 1
H2 þ CH3ANHACH@C@CH2 1

H2 þ _CH2ANHA _C@CHACH3 2 3 1

H2 þ CH2@NACH@CHACH3 3
H2 þ CH3ANHAC � CACH3 1 2
H2 þ CH2@NHþ HC � CACH3 1
CH4 þN � CACH2ACH3 2 1
CH4 þ CH3ANHAC � CH 2 1

2 1

CH4 þH2 þNH@C@C@CH2 1
CH4 þNH@C@CHACH3 1

CH3A _NHþ _CH@CHACH3 3 1 4 3

CH3ANH2 þ HC � CACH3 4 4 4
CH2@NHþ CH2@CHACH3 1 3
CH3AN@CH2 þ CH2@CH2 1

CH3ANHA C
�

�
Hþ CH2@CH2

1

C
�

�
H2 þ NH2ACH@CHACH3

3

C
�

�
H2 þ CH3ANHACH@CH2

2

CH3AN@CHACH2ACH3 2 2 4 9 2
CH3ANHACH2ACH@CH2 5 1 7
NH@CHACHðCH3ÞACH3 1 1 1 1
NH@CðCH3ÞACH2ACH3 1

CH3ANHACHðCH3ÞA C
�

�
H 1

3 3

2 2

1

CH3ANHA C
�

�
ACH2ACH3

1 2

CH3ANHACH2A C
�

�
ACH3

1

CH3A _NACH2A _CHACH3 1

a100 Trajectories were calculated for each temperature.
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Path 2 : CH3ANHACH@CHACH3 ! NH@CðCH3ÞACH2ACH3

Path 3 : CH3ANHACH@CHACH3 ! CH3ANHACHðCH3ÞA C
�

�
H

The CH3 group bonding to N shifts to C4 or C3, respectively, for
Paths 1 and 2, leading to the respective N@C double bond products
NH@CHACH(CH3)ACH3 and NH@C(CH3)ACH2ACH3. For Path 3, the
CH3 group bonding to C4 migrates to C3 forming the
CH3ANHACH(CH3)ACH product.

Three paths involve CH3ANHACH@CHACH3 isomerization to
form three-or four-membered rings; i.e.
For Path 1, the CH3 group migration to C3 is associated with
concerted C1AC3 bond formation and a H shifting to C4, to form
the C1AN2AC3 three-membered ring. Similarly for Path 2, the
CH3 group bonding to C4 shifts to C3 accompanied by C3AC4AC5
ring closure and a H shifting to C4, to form the three-membered
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ring product. For Path 3, the CH3 group bonding to N2 migrates to
C4, leading to C1AC4 bond formation and then closing the
C1AN2AC3AC4 four-membered ring with H shifting to C3.

There are two pathways with H-atom migration at the C@C
double bond. A H-atom on C3 or H-atom on C4 shifts, respectively,
to C4 and C3 to form radical products. Another pathway consists of
H-atom transfer from N to C3 and also forms a radical product.
These three radical products can further dissociate to secondary
dissociation products.
3.3. Secondary dissociation pathways

3.2.1. Secondary dissociations from primary isomerization products
The secondary dissociations only occur at the higher tempera-

tures of 4500–5500 K and the number of dissociations increase
with increasing temperature. Within tmax, the maximum integra-
tion time, nine secondary dissociation pathways are found from
the primary isomerization products.

Radical products were formed from the isomerization products,
through direct bond rupture and without H-atom migration, via
Paths 1, 2 and 3 below:

Path 1 : CH3ANHACH@CHACH3 ! CH3AN@CHACH2ACH3

! CH3AN@ _CHþ _CH2ACH3

Path 2 : CH3ANHACH@CHACH3 ! CH3AN@CHACH2ACH3

! CH3AN@CHA _CH2 þ _CH3

Path 3 : CH3ANHACH@CHACH3 ! CH3ANHACH2ACH@CH2

! CH3A _NHþ CH2@CHA _CH2

Two radical isomerization products further dissociate to molec-
ular products by Paths 4, 5 and 6. Paths 4 and 5 start from the same
radical isomerization product and then dissociate to different sec-
ondary products, i.e. CH4 + CH3ANHAC„CH and
H2 + CH3ANHAC„CACH3.

Path 4 : CH3ANHACH@CHACH3 ! CH3ANHA C
�

�
ACH2ACH3

! CH4 þ CH3ANHAC � CH

Path 5 : CH3ANHACH@CHACH3 ! CH3ANHA C
�

�
ACH2ACH3

! H2 þ CH3ANHAC � CACH3

Path 6 : CH3ANHACH@CHACH3 ! CH3A _NACH2A _CHACH3

! H2 þ CH3AN@C@CHACH3

The isomerization ring products further dissociated into molec-
ular species. For Path 7 the NAC and CAC bonds of the three-mem-
bered ring break and at the same time a H-atom migrates from C4
to C3 to form two double bond products, i.e., CH2@NH and
CH2@CHACH3. For Path 8 the two CAC bonds of the three-mem-
bered ring break to form CH2@CH2. This occurs concurrently with
C1AN2 bond rupture yielding the reaction products CH4 and
HCN. The NAC and CAC bonds rupture in the four-membered ring
for Path 9, yielding the two double bonds products CH2@NH and
CH2@CHACH3.
3.2.2. Secondary dissociations from primary dissociation products
Six secondary dissociations occur from the primary dissociation

products. For Paths 1 and 2, concomitant with H-atom migration,
primary molecular products further dissociate into different
molecular products. For Paths 3, 4, and 5 the primary products
are radicals, which further dissociate to singlet products, accompa-
nied by H-atom transfer. Path 6 forms radical primary products
and then one of these products undergoes further dissociation
without H-atom migration.

Path 1 : CH3ANHACH@CHACH3 ! CH4 þHN@C@CHACH3

! CH4 þHCNþ CH2@CH2

Path 2 : CH3ANHACH@CHACH3 ! H2 þ CH3AN@C@CHACH3

! H2 þ CH3ACNþ CH2ACH2

Path 3 : CH3ANHACH@CHACH3 ! H2 þ _CH2ANHA _C@CHACH3

! H2 þ CH2@NHþHC � CACH3

Path 4 : CH3ANHACH@CHACH3 ! CH3ANHA C
�

�
Hþ CH2@CH2

! CH4 þHCNþ CH2@CH2

Path 5 : CH3ANHACH@CHACH3 ! H2 þ C
�

�
HANHACH@CHACH3

! H2 þHCNþ CH2@CHACH3

Path 6 : CH3ANHACH@CHACH3 ! CH3A _NHþ _CH@CHACH3

! CH3A _NHþ CHBCHþ _CH3
4. Comparison with experiment

Our model study is similar to the experimental work of Grassie
and co-workers [10]. Their experimental system is thermal
degradation of a commercial epoxy resin prepared by reaction of
2,2-bis-(40-hydroxyl phenyl)propane (bisphenol-A) with 1-chloro-
2,3-epoxy propane (epichlorhydrin) and cross-lined (cured) with
ethylene diamine. The following products were identified by IR
and mass spectrometry; i.e. hydrogen and methane, ethane, pro-
pene, ammonia, methylamine with a trace of trimethylamine,
water, phenol, cresols, 4-isopropyl phenol, and other trace
products.

Although the experimental system is a very large polymer
and more complex than our model system, in examining the
decomposition products of our model system it is seen that
several important simulation products are also important
experimental products. They are hydrogen, methane, and
methylamine. The principal products observed experimentally
include hydrogen and methane, which are also observed as
primary products in our simulations. For the experimental
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system, the N-atom is bonded to the ACH2ACH2A group and
NAC dissociation is expected to yield ethane as a reaction prod-
uct. For our model system the N-atom connects to a CH3 group.
CH3 radicals are a dominant product in our simulations, which is
very similar to the experimental observation of ethane as a prin-
cipal product.

The time scale of our simulations is rather limited at 5.1 ps. It is
possible that further fragmentation of the CH3ANHACH@CHACH3

molecule could take place on a longer time scale. In this work, we
find many isomerization pathways which are not measured exper-
imentally. Overall, the simulation decomposition products are in
qualitative agreement with the experimental results, although
there are differences between the model and experimental
systems.

The simulations reported here were performed for the 3500–
5500 K temperature range. As shown in a recent study [22], by
determining the unimolecular rate constant for a primary
decomposition path versus temperature it is possible to deter-
mine the Arrhenius parameters A and Ea, i.e. k(T) = A exp(�Ea/
kBT), for the pathway. In this manner, the pathways with the
lowest activation energies may be determined to assist in estab-
lishing the important primary decomposition pathways at lower
temperatures.
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