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Abstract The thermal decomposition of model compounds
for poly (dialkyl fumarate) was studied by using ab initio
and density functional theory (DFT) calculations. To
determine the most favorable reaction pathway of thermal
decomposition, geometries, structures, and energies were
evaluated for reactants, products, and transition states of the
proposed pathways at the HF/6-31G(d) and B3LYP/6-31G
(d) levels. Three possible paths (I, II and III) and
subsequent reaction paths (IV and V) for the model
compounds of poly (dialkyl fumarate) decomposition had
been postulated. It has been found that the path (I) has the
lowest activation energy 193.8 kJ mol−1 at B3LYP/6-31G
(d) level and the path (I) is considered as the main path for
the thermal decomposition of model compounds for poly
(dialkyl fumarate).
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Introduction

Poly (dialkyl fumarate) is shown to have properties of
interest for engineering applications. Diethyl fumarate was
recently investigated to be used as biodegradable polymers

for the treatment of large bone defects [1–3]. The thermal
decomposition of poly (di-itaconates), polymethacrylates
and polyacrylates have been studied to a considerable
extent [4–11]. However, the thermal decomposition of poly
(dialkyl fumarates) has only rarely been studied. There was
only one detailed study [3] of the decomposition of dialkyl
fumarate monomers and several, but not detailed, inves-
tigations of the polymers [12, 13]. Hence, the goal of this
study was to attempt to determine the mechanism of the
thermal decomposition behavior of poly (dialkyl fumarate)
and the most favorable reaction pathway of thermal
decomposition.

In this paper, we cite the model compounds for
representing structural units of poly (dialkyl fumarate)
[14]. There is substantial evidence that one or more of the
following pathways (I [15], II and III [15]) and subsequent
pathways (IV and V) [15] take place during the thermal
decomposition of model compounds (Scheme 1).

Computational methods

The geometries of reactants, products, and transition states
(TSs) were fully optimized by the energy gradient methods.
All optimized geometries were obtained by using the HF
and the Becke 3LYP (B3LYP) [16, 17] hybrid density
functional with the 6-31G(d) basis set. Vibrational frequen-
cies were calculated at all stationary points to obtain zero-
point energies (ZPE) and thermodynamic parameters at the
HF/6-31G(d) and B3LYP/6-31G(d) levels. At the B3LYP/
6-31G(d) level the intrinsic reaction coordinate (IRC) [18–
20] was carried out for each transition state to make sure
that it is the transition structure connecting the desired
reactants and products. All calculations were carried out
with the Gaussian 03 program [21].
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Results and discussion

The thermal decomposition of the model compounds for
poly (dialkyl fumarate) was theoretically investigated at
493.15K. Table 1 gives the thermal parameters of the three
possible decomposition processes. There is no experimental
data for the structures of all reactants, products and
transition states. The HF bond lengths, bond angles and
dihedral angles are compared with the B3LYP results.
Figure 1 shows the optimized geometry of model com-
pounds s-(E) - diethyl succinate (R1) and s-(Z) - diethyl
succinate (R2) for poly (dialkyl fumarate) and some other
reactants. The optimized structures of the decomposition
products are shown in Fig. 2, while the optimized various
transition states structures (TSs) are presented in Fig. 3.
Figure 4 shows the IRC for the paths (I, II, III, IV and V)
transform process.

Reaction path (I)

As shown in Scheme 1, Figs. 1, 2, 3 and Table 1, path (I) is
an elimination reaction with formation of P1, which
proceeds through a six-centered-ring transition state TS1
with ΔG=43.1 kJ mol−1 and ΔH=72.0 kJ mol−1 at the
B3LYP/6-31G(d) level of theory. The thermal enthalpy of
this reaction path is 65.3 kJ mol−1 at the HF/6-31G(d) level
of theory. The free energy of this reaction path is 29.7 kJ
mol−1 at the HF/6-31G(d) level of theory. The activation
energy of path (I) is 193.8 kJ mol−1 at the B3LYP/6-31G(d)
level of theory, which is 67.1 kJ mol−1 higher in energy
than the HF/6-31G(d) energy of theory. Figure 4 path (I)
shows changes of energy along with reaction coordinate
in path (I), and the result verifies that the TS1 is relative
with corresponding reactants and products. The B3LYP-
predicted geometry parameters were discussed in this
process. Ethylene elimination involves breaking of both
C8-H21 and C7-O26 bonds. The breaking C8-H21 and C7-
O26 bonds are 1.335 Å and 2.027 Å in TS1, respectively.
The bond length of C6-C26 changes from 1.265 Å in the
R1 to 1.354 Å in TS1. The bond length of C6-C25 is
0.067 Å shorter in R1 than this in TS1. The bond length of
C7-C8 changes from 1.521 Å in R1 to 1.402 Å in TS1.

The pathway continues with the β-hydrogen atoms
scission in the first step. There are two steps in the
subsequent decomposition path (IV) and path (V). The
path (IV) involves the breakage of β-bond and formation of
a transition state TS4. The energy invested in the cleavage
of the second β-bond is ΔG=79.9 kJ mol−1 and ΔH=
103.1 kJ mol−1 at the B3LYP/6-31G(d) level of theory. The
thermal enthalpy and free energy of this reaction path are
102.4 and 70.3 kJ mol−1 at the HF/6-31G(d) level of theory.
And the activation energy for the second ethylene is
273.0 kJ mol−1 at the B3LYP/6-31G(d) level of theory,
which is 46.8 kJ mol−1 lower in energy than the HF/6-31G
(d) energy of theory. For TS4 of the path (IV), intrinsic

Scheme 1 Possible reaction pathways for the model compound of
poly (dialkyl fumarates)

Table 1 Calculated thermody-
namic parameters for the three
competitive decomposition
processes of model compounds

ΔG (kJ mol−1) ΔH (kJ mol−1) E (kJ mol−1)

Path (I) HF/6-31G(d) 29.7 65.3 260.9
B3LYP/6-31G(d) 43.1 72.0 193.8

Path (II) HF/6-31G(d) 36.5 71.3 318.2
B3LYP/6-31G(d) 47.7 77.2 269.7

Path (III) HF/6-31G(d) 73.9 122.7 409.7
B3LYP/6-31G(d) 98.5 120.1 321.3

Path (IV) HF/6-31G(d) 70.3 102.4 319.8
B3LYP/6-31G(d) 79.9 103.1 273.0

Path (V) HF/6-31G(d) 27.5 46.9 256.5
B3LYP/6-31G(d) 28.7 42.2 194.4
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reaction coordinate (IRC) calculation was carried out upon
computation from the unique imaginary vibration mode of
TS4 to reactants and products. This shows that the
transition state is relative with corresponding reactants and
products (Fig. 4). The B3LYP-predicted geometry param-
eters were discussed in this process. The bond lengths of
C3-O18 and C4-C5 shorten from 1.355 Å and 1.521 Å in
R3 to 1.330 Å and 1.395 Å in TS4, respectively. The bond
length of C3-O17 changes from 1.212 Å in R3 to 1.223 Å
in TS4. The distance between O25 and H21 shortens from
3.952 Å in R3 to 1.002 Å in TS4. The breaking C4-O18
and C5-H14 bonds in TS4 are 2.197 Å and 1.321 Å,
respectively. The bond angle of C4-C18-C3 is 2.033°
shorter in TS4 than this in R3.

According to the calculations two neighboring ester
groups loose ethylene by the above mechanism, then maleic
anhydride moieties could be formed in the second step path
(V). Path (V) is an elimination reaction with formation of
P5 via a four-centered transition state TS5 with ΔG=
28.7 kJ mol−1 and ΔH=42.2 kJ mol−1 at the B3LYP/6-31G
(d) level of theory. The thermal enthalpy and free energy of
this reaction path are 46.9 and 27.5 kJ mol−1 at the HF/6-
31G(d) level of theory. For H2O elimination is predicted to
have activation energy 194.4 kJ mol−1 at the B3LYP/6-31G
(d) level of theory, and the activation energy of the path is
256.5 at the HF/6-31G(d) level of theory. Figure 4 shows
the IRC for the path (V). The B3LYP-predicted geometry

parameters were discussed in this process. The dihedral
angle of H10-O13-C1-O12 is 0.6° in TS5. The breaking
H10-O13 and C1-O12 bonds in TS5 are 1.382 Å and
1.728 Å, respectively. The C4-O13 bond shortens from
1.359 Å in R4 to 1.328 Å in TS5.

Reaction path (II)

From Scheme 1, Figs. 1, 2, 3 and Table 1, it can be seen
that path (II) is an elimination of ethylene from R2 via a
transition state TS2. Ethylene is removed from R2 with
ΔG=47.7 kJ mol−1 and ΔH=77.2 kJ mol−1 at the B3LYP/
6-31G(d) level of theory. The ΔG and ΔH of this reaction
path are 36.5 and 71.3 kJ mol−1 at the HF/6-31G(d) level of
theory. The activation energy of path (II) is 269.7 kJ mol−1,
which is 48.5 kJ mol−1 lower in energy than the HF/6-31G
(d) energy of theory. IRC for this channel shows that the
transition state is relative with corresponding reactants and
products (Fig. 4). In reaction path (II), the B3LYP-predicted
geometry parameters were discussed. The breaking C6-H17
and C5-O24 bonds are 1.300 Å and 2.240 Å in TS2,
respectively. The bond lengths of C5-C6 and C3-C24
change from 1.521 Å and 1.354 Å in R2 to 1.392 Å and
1.321 Å in TS2, respectively. The bond length of C3-O23 is
0.016 Å longer in R2 than in TS2. The H17-O24 distance
shortens from 2.698 Å in R2 to 1.424 Å in TS2. The bond
angle of C1-C3-O24 is 4.2° smaller in R2 than in TS2.

Fig. 1 B3LYP/6-31G(d)
optimized geometries for all the
reactants. The values in italic
fonts are the HF/6-31G(d)
results. Distances are in
angstroms, and angles are
degrees
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Reaction path (III)

Scheme 1, Figs. 1, 2, 3 and Table 1 show that the ethanol
eliminates via a six-centered transition state TS3 with C1

symmetry in the path (III). Afterwards, ethanol, ethylene
and maleic anhydride moieties are formed. P3 is formed
with ΔG=98.5 kJ mol−1 and ΔH=120.1 kJ mol−1 at the
B3LYP/6-31G(d) level of theory. The ΔG and ΔH of this
reaction path are 73.9 and 122.7 kJ mol−1 at the HF/6-31G
(d) level of theory. The activation energy of path (III) is
predicted to be 321.3 kJ mol−1 at the B3LYP/6-31G(d) level
of theory, which is 88.4 kJ mol−1 lower in energy than the
HF/6-31G(d) energy of theory. Figure 4 shows the IRC for
path (III). The result shows that the transition state is

relative with corresponding reactants and products. In
reaction path (III), the B3LYP-predicted geometry param-
eters were discussed. The breaking C4-O25, C6-H17 and
C5-O24 bonds are 1.530 Å, 1.472 Å, and 2.241 Å in TS3,
respectively. The bond length of C5-C6 changes from
1.521 Å in R2 to 1.377 Å in TS3. The bond length of C3-
C24 is 0.049 Å longer in TS3 than in R2. The bond length
of C3-C23 is 0.017 Å longer in TS3 than in R2. The bond
angle of C2-C1-C3 is 9.6° smaller in TS3 than in R2.

From the discussion above, as to energy of the thermal
decomposition of model compounds for poly (dialkyl
fumarate), the B3LYP/6-31G(d) results were better than
the HF/6-31G(d). The HF/6-31G(d) level of calculations
may be insufficient. The DFT level calculations give much

Fig. 2 B3LYP/6-31G(d)
optimized geometries for all the
products. The values in italic
fonts are the HF/6-31G(d)
results. Distances are in
angstroms, and angles are
degrees
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better agreement with the experimental results. According
to the B3LYP energies the descending order of energies is
path (III) > path (II) > path (I) for the three paths. The
energy of path (I) is the lowest which is the most favorable
pathway. All of the initial reaction pathways are endergonic.
These computed channels are in excellent agreement with
the experimental channels [15].

Conclusions

In conclusion, a computational study is conducted for the
thermal decomposition of the model compounds to eluci-
date the thermal decomposition mechanism of the model

compounds for poly (dialkyl fumarate). On the basis of the
experimental observations, three possible initial pathways
have been postulated for model compounds decomposition,
and were calculated at 493.15 K. The paths (I, II and III)
can take place at lower temperature. However, the
calculations suggest that the consecutive ethylene elimina-
tion to form maleic anhydride moieties and two molecules
ethylene is identified as the energetically most favorable
decomposition pathway. The results appear to correlate
closely with the experimental channels [15].
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Fig. 3 B3LYP/6-31G(d)
optimized geometries for all the
transition states. The values in
italic fonts are the HF/6-31G(d)
results. Distances are in
angstroms, and angles are
degrees

J Mol Model (2009) 15:1043–1049 1047



Fig. 4 IRC for paths (I, II, III, IV and V) at the B3LYP/6-31G(d) level
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