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ABSTRACT: Fluorine content dependency on the melting point and thermal polymerization
reactivity of fluorine-containing phenylmaleimides were investigated by differential scanning
calorimetry and are discussed on the basis of molecular structure calculations. The syntheses of
fluorine-containing maleimides were carried out by thermal dehydration. Their yields tended to be
lower with increasing fluorine content. This was due to lowered nucleophilic reactivity of the amino
group. The fluorine-containing maleimides tended to have a high melting point with increasing
fluorine content. But symmetry in the chemical structure was a more important factor influencing
the melting point. The thermal polymerization temperature of double bonds became higher with
increasing fluorine content. This thermal polymerization reactivity could be explained from re-
sults of molecular structure calculations. The decreased therma] polymerization reactivity of
fluorine-containing maleimides could be attributed to molecular stabilization or the difficulty of
activated biradical formation as shown by MNDO or MM method calculations. This is in agreement

with that of fluorine-containing bismaleimides.
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The maleimide structure has been utilized
to produce thermally stable polymers. For
example, bismaleimide resin provides a ther-
moset product which has been applied in a wide
range of composite materials.!~* The un-
saturated double bonds of maleimide rings can
thermally polymerize without the formation of
volatile by-products which may cause voids.
On this point, they differ from other conden-
sation-type polyimides. Therefore, the thermal
polymerization reactivity of double bonds of
maleimide has been investigated and maleimide
compounds have been widely used in the
electronics industry.* ~® Among them, fluorine-
containing compounds have several good
properties which are thought suited for
electronics materials. These are a low dielectric
constant, excellent thermal stability, and high
flame retardancy.” In general, a fluorine
substituent might lower thermal polymeriza-

Maleimide / Fluoro-Containing / Melting Point / Polymeriza-

tion reactivity of double bonds of maleimide
due to its electron-withdrawing effect.?-° Thus
investigation of reactivity of fluorine-contain-
ing maleimides is of interest. The thermal
properties, melting point, and polymerization
temperature, of fluorine-containing bismale-
imides have been investigated.” These bismale-
imides have flexible ether groups and a long
phenoxy chain within a monomer structure.
Therefore, the cured product has good
mechanical properties such as high flexural
strength and elongation.'® Moreover, the
fluorine-containing compound has good elec-
trical and thermal properties and is well suit-
able for electronics materials. It would be of
interest to investigate the fluorine introduc-
ing dependency on these thermal properties.
The fluorine-containing phenylmaleimide struc-
ture was selected as the model compound for
the analysis of the fluorine content dependence.
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In this paper, fluorine-containing phenyl-
maleimides were synthesized and the fluorine
content dependency on their melting point and
thermal polymerization reactivity was mea-
sured by differential scanning calorimetry. The
results are discussed on the basis of molecular
structure calculations.

EXPERIMENTAL

Syntheses of Fluorine-Containing Phenylmale-
imides

All chemicals were purchased from Wako
Pure Chemical. The chemical structures of the
maleimides used are shown in Figure 1. The
phenylmaleimide (OFMI) was commercially
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Figure 1. Chemical structures and melting points of
phenylmaleimides.
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available and purified by recrystallization with
acetone and n-hexane. In general, maleimides
are prepared by chemical dehydration (cycliza-
tion) with acetic anhydride, following Searle’s
procedure.’’ This method gives maleimides
after a relatively short reaction time and at low
reaction temperature. The fluorine-containing
maleimides were also synthesized by the
reaction of fluorine-containing phenylamines
with maleic anhydride according to substantial
modifications made to the reaction conditions
used by Searle’s method.!? However, this
method had a low yield in the case of high
fluorine content maleimides and purification of
products was relatively difficult because of
contamination from several catalysts such as
tertiary amine or metal acetate salt. Therefore,
in this study, fluorine-containing maleimides
are synthesized from the corresponding amines
and maleic anhydride by a one-step process.
This process requires higher temperature and
longer reaction time to get thermal dehydration
as compared with Seale’s method.!® Moreover,
excess amount of maleic anhydride is used. This
process, however, seems effective for amines
which have amino groups of low reactivity and
high fluorine content.!4

The procedure was as follows. Amine (0.05
mol) in acetic acid solution (50 ml) was added
dropwise to maleic anhydride (0.15mol) in
acetic acid solution (150 ml). During addition
(30 min), the mixture was stirred and nitrogen
was bubbled in. The mixture was kept at room
temperature (ca. 25°C). After all the amine
had been added, stirring and nitrogen bubbling
were continued for 30 min. The mixture was
refluxed at 120°C, for 15h, under nitrogen.
The product was re-precipitated three times
with water and acetone. Then it was dissolved
in acetone and re-crystallized with n-hexane.
This crystalline product was filtered and dried
in vacuo. The yields are listed in Table I
The five fluorine-containing phenylmaleimides
shown in Figure 1 (1FMI, 2FMI, 3FMI, 4FMI,
and SFMI) could be obtained by the thermal
dehydration process. The yields decreased with
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increasing fluorine content. This was attributed
to lowered nucleophilic reactivity of the amino
group.

Apparatus and Calculations

Differential scanning calorimetry measure-
ments were made on a Du Pont 910 DSC
Instrument at a heating rate of 10K min~! in
air. The sample weight was about 2.5 mg.

Molecular structure calculations were car-
ried out with the Hypercube Inc. Hyperchem
program. Molecular mechanics (MM) and
modified neglect of diatomic overlap (MNDO)
methods were used. The MM method uses
valence geometric optimization to estimate
energetics from bond lengths and angle
potentials of the constituent atoms. Stabiliza-
tion of maleimide molecules was calculated
by the MM method. MNDO is a several
semi-empirical molecular orbital method and
was used to obtain molecular orbital energies
and electron densities. In this work, the AM1
(Austin Model 1) method, developed by Dewar
was selected for the MNDO calculations be-
cause it is well-suited for heterocyclic struc-
tures such as the maleimides.!®

RESULTS AND DISCUSSION

Melting Point

‘The results obtained from DSC measure-
ments are listed in Table I. Fluorine-containing
phenylmaleimides have high melting points

compared with phenylmaleimide (OFMI). In
general, a high molecular weight compound
has a high melting point because the cohesive
energy between molecules in the crystal state
is large. Also, maleimide which has a sym-
metrical structure such as 1FMI and 4FMI
has a relatively high melting point. This is
presumed due to the high packing structure
because there are strong intermolecular interac-
tions in crystalline state. By contrast, the
asymmetrical maleimides, 2FMI and 3FMI,
have lower melting points compared with
1FMI, although their molecular weights are
higher. This is considered due to the low
packing density of molecules in the crystalline
state and possible existence of weak inter-
molecular interactions. Consequently, the
molar heat of fusion (4H;) in asymmetrical
molecules tends to be smaller than that of
symmetrical molecules as shown in Table I.

Other phenylmaleimides with their reported
melting points!? are shown in Figure 1 for
comparison with the results of this study.
For monofluorophenylmaleimides, asymmet-
rical compounds such as ortho and metha
substituted maleimides have lower melting
points compared with |FMI and 0FMI, which
have symmetrical structures. This suggests that
symmetry in the molecular structure is an
extremely important factor affecting melting
point.

SFMI has a relatively low melting point
although symmetrical structure and high

Table I. Fusion behavior of phenylmaleimides®

Yield T, Ahg AH; 4S;

Compound MW
% °C Jg~! kJmol ! Jmol k!

O0FMI 173 88 127 22.0 60.9
1FMI 60.7 191 155 148 283 66.1
2FMI 57.7 209 114 113 23.6 61.0
3FMI 453 227 105 118 26.8 70.9
4FMI 49.0 245 139 135 33.1 80.3
SFMI 333 263 106 88 23.1 60.9

a

entropy change of fusion.
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MW, molecular weight; T, melting point; 4k, specific heat of fusion; 4H;, molar heat of fusion; 4.S;, molar
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molecular weight. The reason for this is not
clear yet. The molar heat and entropy change
of fusion in SFMI are also relatively low
compared with other fluorine-containing phen-
ylmaleimides. This is presumably due to dif-
ference molecular structure, for example, the
different torsional angle between the phenyl
and maleimide rings.

Thermal Polymerization

The thermal polymerization reactivity of
fluorine-containing phenylmaleimides is ex-
pected to be reduced because fluorine groups
have electron-withdrawing property.!® The
initial polymerization temperatures are listed
in Table II.

The initial polymerization temperature is
higher with increasing fluorine content. This
suggests that the reactivity is reduced by the
introduction of fluorine substituents. The
polymerization temperature could not be
observed in the case of 1FMI. This is because
1FMI has a high melting point, which may be
very close to the initial polymerization
temperature. Therefore, polymerization might
be concealed by the endothermic region of
fusion. The electron density on the double
carbon bonds was calculated by the MNDO

Table II. Polymerization temperature and
molecular calculations

T; de E
Compound p —_— —
°C eV eV

OFMI 163 0.158 7.67 1.52
IFMI —* 0.156 7.53 1.55
2FMI 171 0.155 7.59 1.65
3FMI 182 0.155 7.78 2.07
4FMI 234 0.155 8.14 2.57
SFMI 221 0.154 8.03 2.79

Polymerization temperature was not observed. T;,
initial polymerization temperature; p, electron den-
sity on double bond; 4e, difference between LUMO
and HOMO; LUMO, energy level of lowest un-
occupied molecular orbital; HOMO, energy level
of highest occupied molecular orbital; E, stabilization
energy.
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method. The electron density becomes slightly
lower with increasing fluorine content. How-
ever, this change does not seem to be so effective
on change in the thermal polymerization
reactivity. This result is in accord with ear-
lier results from fluorine-containing bismale-
imides.”

By contrast, the difference between HOMO
and LUMO (4e) is strongly dependent on the
fluorine content as shown in Table II. Here,
HOMO represents the energy level of the
highest occupied molecular orbital and LUMO
is that of the lowest unoccupied one. This Ae
is related to the ease of producing an activated
biradical which is an excitation on in-
tramolecular sites. The molecule is excited by
the formation of a biradical structure produced
when one electron transfers from HOMO to
LUMO. Calculation of the excited biradical
state should be done by an accurate configura-
tion interaction method because the electron
correlation is important for the excited state.
But it is enormously time consuming and
impractical. Therefore, in this study, LUMO
of the excited state was approximated by the
calculation of the ground state.

Ae becomes higher on increasing fluorine
content as stated above. With higher 4e, the
thermal polymerization reactivity is reduced
and formation of activated species does not
occur easily. The relationship between initial
polymerization temperature and de is shown
in Figure 2. A good correlation is obtained. It
seems that the reactivity of the double bond
can be estimated with de. Consequently, the
activation energy of the thermal polymeriza-
tion reaction is approximated by the bond
dissociation energy of the double bond which
represents the stabilization energy. As shown
in Figure 2, this correlation is in also good
accord with earlier results from bismaleimides.’

Thermal polymerization is treated as a
reaction between the excited biradical species
and the monomer as shown in Scheme 1. The
excited biradical species has the SOMO and
SOMO’. The maleimide monomer has HOMO

Polym. J., Vol. 26, No. 3, 1994



Fluorine-Containing Maleimides

300

250

200

150

Polymerization temperature T; (°C)

8.5

Energy difference

Ae (eV)

Figure 2. Relationship of initial polymerization tempera-
ture and energy difference in HOMO and LUMO. Q,
phenylmaleimides in this work; @, bismaleimides in ref 7.
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and LUMO. The energy level of SOMO is
approximately that of HOMO and SOMO’ is
related to LUMO. As shown in Scheme 1,
interactions of HOMO and SOMO, SOMO’,
and LUMO, respectively are important for the
thermal polymerization reaction. As the energy
levels of HOMO and SOMO are almost equal,
the interaction is relatively strong. Therefore,
the energy difference between SOMO’ (this is
almost equal to LUMO) and HOMO governs
the thermal polymerization reactivity of
maleimides. This suggests that the energy
difference between HOMO and LUMO (4e) is
closely related to the reactivity of thermal
polymerization.

Stabilization of the molecule is also closely
related to polymerization reactivity of the
phenylmaleimides. The stabilization energy (E)
of the phenylmaleimides was calculated by
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Figure 3. Relationship of initial polymerization tempera-
ture and molecular stabilization energy. O, phenylmale-
imides in this work, @, bismaleimides in ref 7.

the MM method and is listed in Table II.
Phenylmaleimide compounds become more
stable with increasing fluorine content. In
general, molecular compounds are more stable
with increasing molecular weight. Delocaliza-
tion of 7 electrons may also contribute to mo-
lecular stabilization with increasing fluorine
content because fluorine has = electrons on its
2p orbitals and some of these electrons may
interact with n electrons on the phenyl and
maleimide rings. The relationship between
initial polymerization temperature and mo-
lecular stabilization energy is linear as show in
Figure 3. The reactivities of bismaleimides fit
well on the line.” The fluorine-containing
maleimides have low reactivity so they have a
large energy gap between the excited and stable
molecular structures and are not activated
easily.

In conclusion, it was found that the thermal
polymerization reactivity of maleimide com-
pounds can be explained using ease of an
activated biradical formation or molecular
stabilization energy. The electron density on
the carbon double bonds was not much affected
by the electro-withdrawing characteristic of
fluorine.
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