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Diels—-Alder reaction of mesophase pitch
insoluble fractions with maleic anhydride
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Pyridine insoluble fractions in the mesophase pitches derived from a decant oil (PMP-PI) and
naphthalene (NMP-PI1) were found to be'rendered almost completely soluble in pyridine by
the Diels—Alder reaction with maleic anhydride, maintaining their optical anisotropy and mo-
lecular association. Their solubility in pyridine reached up to 95 wt % by the reaction at
175-200°C. Solubilized fractions were analysed to obtain their average structures, suggesting
that PMP-PI consists of aromatic nuclei of peri-condensed rings connected through a small
number of methylene and aryl-aryl linkages, having a molecular weight (MW) of ~ 1800, and
that NMP-PI consists of oligomeric naphthalene with a large number of naphthenic groups
(MW =~ 1000). Such structures are basically much the same as those of their soluble fractions,
although the molecules in Pls were much larger. The reaction sites in such structures for the

Diels—Alder reaction are discussed.

1. Introduction

The mesophase pitch has been recognized for some-
times as one of the unique precursors for the advanced
carbon materials, such as high-performance carbon
fibre [1]. Its better performances are extensively pur-
sued to achieve better quality of the product. The
chemical structures of all the components in the pitch
should be clarified in order to design the desirable
properties [2—7].

The mesophase pitch consists of several fractions of
different solubilities [1-8]. Soluble and lighter frac-
tions have been analysed to determine the structures
of their components, using various modern analytical
instruments such as nuclear magnetic resonance
(NMR) and vapour pressure osmometry (VPO)
[6, 9-12]. Insoluble fractions should be solubilized
before analysis. Reductive hydrogenation and alkyl-
ation, such as Birch reduction, have been applied
extensively, although these procedures are rather ted-
ious [13-15]. Simpler reactions are wanted.

Diels—Alder reaction has been applied for the solu-
bilization of coal and suggests the presence of non-
covalent bonds in its structure [16, 17]. The reaction
proceeds simply by heating the mixture of coal and
dienophiles, such as maleic anhydride. The conjugated
double bonds in the aromatic ring, such as 9,10 posi-
tions of anthracene, are known to be reactive for the
Diel-Alder reaction as described by the following
equation. Such an adduct may obtain higher solubil-
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In the present study, the Diels—Alder reaction of a
pyridine insoluble fraction in petroleum and naphtha-
lene-derived mesophase pitches was performed to sol-
ubilize the fractions for analysis of their structures.
The adducts mdy be deformed from planar to bent
structure, weakening the interaction between aro-
matic planes in the mesophase pitch. Such a structural
modification may have further interest, since it may
control the properties of the mesophase pitch as the
liquid crystal.

2. Experimental procedure
2.1. Materials
Two kinds of mesophase pitch derived from fluidized
catalytic cracking-decant oil (FCC-DO) [18] and
naphthalene [9, 10] were used as the starting materials
in the present study. The former mesophase pitch
(PMP) was prepared through the heat treatment of
the FCC-DO at 415 °C and successive hot centrifuga-
tion at 350 °C to concentrate the mesophase compon-
ents from the isotropic matrix. The latter pitch (NMP)
was prepared through the cationic polymerization of
naphthalene with a super acid of HF/BF;, which was
supplied by Mitsubishi-Gas Chemical Company.
The pyridine insoluble fractions (PI) of petroleum
(FCC-DO derived) and naphthalene-derived meso-
phase pitches (abbreviated PMP-PI and NMP-PI,
respectively) were prepared by Soxhlet extraction.

2.2. The Diels—Alder reaction
The maleic anhydride was selected as a dienophile
reagent for the present Diels—Alder reaction [16, 17].
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The powder of PI fraction (2g) was well mixed with
maleic anhydride (8g) at room temperature and then
heat treated in a glass tube in a vertical electric furnace
at 130-200°C for 1h under a nitrogen flow (50ml
min~?!). The heating rate to the prescribed temper-
ature was 5°Cmin~!. The reaction proceeded in the
suspension state of PI in the melted maleic anhydride.
After the reaction, the product was first heated at
60 °C under vacuum and then washed with methanol
to remove the unreacted maleic anhydride from the
reacted pitch fraction.

2.3. Characterization of Pl after the reaction
The modified PI fractions (DA-Pls) were character-
ized by elemental analyses, solubility in pyridine and
quinoline, optical microscopy, wide-angle X-ray dif-
fraction (XRD), Fourier transform—infrared analysis
(FT-IR), vapour pressure osmometry (VPO), and 'H-
NMR to clarify the structures and properties of the
fractions.

The solubility in pyridine and quinoline (4ml) was
measured, using 1.0g sample by a Soxhlet and
extraction/filtration at 80 °C, respectively.

The molecular association of the reacted PI frac-
tions was measured using wide-angle X-ray diffrac-
tion. The following equations [19] were applied for
the analyses

L(002) = KNX/Ncos 6 2)
d(002) = 2/2Nsin B (3)

where K = 1.0, A = 1.05418 nm, 9 is calculated from
the (00 2) diffraction angle 26, and B is the full-width at
half maxium (FWHM) of the diffraction profile. The
functional groups of the pitches were characterized
with FT-IR (Jeol JIR-100) by the KBr disc method.

The average molecular weights of the solubilized
fractions in the adducts were measured by VPO, using
pyridine as the solvent. The pyridine-soluble fractions
in the pitches were also characterized with TH-NMR
(Jeol INM-GSX400) in the C;D4N solution, using
tetramethysilane (TMS) as an internal standard, to
measure the hydrogen distributions and calculate the
Brown-Ladner structural parameters of the fractions
[20]. The molar number of the adducted maleic anhy-
dride in the solubilized fraction was estimated from
the elemental analyses and average molecular weight
of the fraction. The hydrogen distributions of the
solubilized fractions were also estimated by subtrac-
ting the contribution of the adducted maleic anhy-
dride.

TABLE 1 Some analyses of parent pyridine insoluble fractions (PIs)

3. Results

3.1. Some analyses of parent Pl fractions
Some analytical data of the parent PI fractions in both
mesophase pitches are summarized in Table I. The
petroleum-derived mesophase pitch (PMP) contained
a higher content of PI fraction and PMP-PI had a
lower atomic H/C ratio, and a higher carbon aroma-
ticity, f,, than that of the naphthalene-derived meso-
phase pitch (NMP-PI) [21].

The FT-IR spectra of both PI fractions are shown
in Fig.1. The bands around 2960-2850 and
1450-1360 cm ™' , which are ascribed to the aliphatic
C-H stretching vibration, were much more intense
with NMP-PI than with PMP-PI. The bands around
870-750 cm ™! (the aromatic C-H groups) were also
much more intense with NMP-PI. These results sug-
gest that the NMP-PI carries more cata-condensed
structures and a greater content of aliphatic and
naphthenic groups.

3.2. Properties of modified Pi (DA-PI)

Fig. 2 shows the optical micrographs of the parent and
reacted PI fractions. The parent PMP-PI showed the
large domains of anisotropy and sharp particle edges.
Although the PMP-PI reacted at 150 °C for 1h show-
ed the same amsotropy, some particles certainly be-
came much smaller and round, as shown in Fig. 2c (i)
and (ii).
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Figure ] FT-IR spectra of the parent PI fractions in PMP and
NMP. (a) PMP-PI, (b) NMP-PL

Sample PI yield* Element (wt %) H/C o/C A
(wt %) (x1073)
C H Q Diff.
PMP-PI* 51 93.8 4.0 0.9 1.3 0.51 7.2 0.92
NMP-PI¢ 37 938 43 0.7 1.2 0.55 5.6 0.88

*Based upon the parent mesophase pitch.

®Estimated by elemental analyses and FT-IR.

¢PI fraction of petroleum (FCC-DO)-derived mesophase pitch.
4PI fraction of naphthalene-derived mesophase pitch.
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TABLE II Some properties of parent and reacted PI fractions

Sample Reaction Solubilities (%) Optical texture SP (°C)y* XRD parameters (nm)
conditions _—
PS Qs Leoos doos
PMP-PI - 0 13 Anisotropy 450 4.0 0.3464
150°C,1h 40 84 Anisotropy 452 3.6 0.3464
175°C,1h 73 97 Anisotropy 455 43 0.3462
NMP-PI - 0 4 Anisotropy 430 3.7 0.3490
150°C,1h 74 84 Anisotropy 438 43 0.3479
175°C,1h 90 97 Anisotropy 450 43 0.3497

*Measured by hot-stage equipment attached to the polarized-light microscope.

Figure 2 Optical micrographs of the PI fractions (a,b) before and
(c,d) after the Diels—Alder reaction. (a,c) PMP-PI, (b,d) NMP-PL

NMP-PI showed the same optical morphology be-
fore and after the Diels—Alder reaction as shown in
Fig. 2d (iii) and (iv), although the particles of the frac-
tion were much finer than those of PMP-PI. The PI
particles are suggested to be dissolved, at least at their
edges, in the melted maleic anhydride during the
reaction at elevated temperatures.

Table IT summarizes the properties of the reacted PI
fractions. The optical anisotropy was always main-
tained ‘in every fraction produced after the
Diels—Alder reaction. The softening point of both PI
fractions after the reaction became higher, the increase
of the softening point being larger with NMP-PI.

The stacking height, L(002), and the d(002) spac-
ing of both PIs were much the same before and after
the reaction, although a slight change was observable.

3.3. Solubilities of modified Pl (DA-PI)
fractions

Solubilities of the PI fractions in pyridine and quino-

line after the Diels—Alder reaction with maleic anhy-

dride are summarized in Figs 3 and 4, where the

reactions were carried out at 130-200°C for 1h.
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Figure 3 Solubilities of the PMP-PI fraction after the Diels—Alder
reaction with maleic anhydride.
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Figure 4 Solubilities of the NMP-PI fraction after the Diels—Alder
reaction with maleic anhydride.

The reaction certainly enhanced the solubilities in
pyridine and quinoline. The pyridine-soluble (PS) con-
tent of PMP-PI reached 90 wt% on reaction at
200 °C, as shown in Fig. 3. No further increase of the
PS yield was observable with still higher temperatures.
The quinoline-soluble (QS) content was also steadily



increased by the reaction as QS content reached
97 wt % at 200 °C.

The PS and QS contents of the NMP-PI after the
reaction also increased, as shown in Fig. 4. The higher
solubility was obtained with the fraction at lower
temperatures than those of PMP-PL. The reaction
temperatures of 130 and 150 °C provided the solubility
in pyridine of 55 and 73 wt %, respectively. The
solubility increased to 90 wt% after reaction at
175°C. QS increased to 97 % at 175 and 200 °C.

3.4. Characterization of Pl and solubilized
Pl fractions

Fig. 5 illustrates the oxygen contents of the PI frac-
tions after the Diels—-Alder reaction with maleic anhy-
dride. The oxygen content of PMP-PI increased stea-
dily with the reaction temperatures. The oxygen con-
tents after reaction at 130 and 150 °C were around 5
and 8 wt %, respectively. The content markedly in-
creased to 22 and 30 wt % on reaction at 175 and
200 °C, respectively. The oxygen content of NMP-PI
increased similarly. However, the contents were much
larger than those of PMP-PI fractions at the same
reaction temperatures. The oxygen contents reached
27 and 33 wt % on reaction at 150 and 175 °C, respect-
ively. No increase in oxygen content was observed at
still higher temperatures, as with solubility.

Figs 6 and 7 show the FT-IR spectra of the PI
fractions before and after the Diels—Alder reaction.
Intense bands were observed at around 1860, 1780
and 1740 cm !, and around 1220 cm ™!, which were
ascribed to the carbonyl and ether bonds of the adduc-
ted maleic anhydride, respectively. Correspondingly,
three bands around 870750 cm ™! (the aromatic C-H
vibrations) were weakened after the reaction. Such
changes in the spectra were more marked by reaction
at higher temperatures.

The same features were observable with NMP-PI
after the Diels—-Alder reaction, as shown in Fig. 7.
However, the intensity of the oxygen functional
groups and aromatic C-H groups was larger and
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Figure 5 Oxygen contents of () PMP-PI and (M) NMP-PI frac-
tions after the Diels—Alder reaction with maleic anhydride.
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Figure 6 FT-IR spectra of the PMP-PI fraction before and after
the Diels—Alder reaction; (a) PMP-PIL, (b) PMP-PI reacted at
150°C for 1h.
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Figure 7 FT-IR spectra of the NMP-PI fraction before and after
the Diels-Alder reaction; (a) NMP-PI, (b) NMP-PI reacted at
150°C for 1h.

smaller, respectively, in the reacted NMP-PI fraction
than those of PMP-PI, suggesting much more
extensive reaction in the NMP-PI under the same
conditions.

The soluble fractions in pyridine of the PMP-PI
and NMP-P] after reaction at 175 and 150 °C, respect-
tvely, were characterized by elemental analyses, VPO
and '"H-NMR to clarify their respective chemical
structures. Table III summarizes elemental analyses,
average molecular weight and molar number of the
adducted maleic anhydride in the fractions. As shown
in Table I1I, the same solubility around 73 wt% was
observable with both fractions, in spite of a lower
temperature with NMP-PL Both oxygen content and
atomic O/C ratio were higher with the fraction in
NMP-PIL. The average molecular weight of the frac-
tions in PMP-PI was much larger (2520) than that of
NMP-PI (1740).

The average molar numbers of adducted maleic
anhydride on one molecule of the fractions were calcu-
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TABLE III Some analyses of PS fractions prepared from PI fractions after the Diels—Alder reaction

Sample Reaction PS yield? Element (wt %) H/C o/C M. Adducted MA®
conditions (wt %) (x1071)
C H O Diff.
PMP-PI 175°C,1h 73 80.4 4.0 13.8 1.8 0.60 1.29 2520 7.2
NMP-PI 150°C,1h 74 74.3 43 20.5 0.9 0.69 2.07 1740 7.4

2Based upon the starting PI fraction.
Average molecular weight by VPO.

“Molar number of the adducted maleic anhydride (MA) in the fraction calculated from elemental analyses and molecular weight.

TABLE IV Structural parameters of PS fractions after correction of adducted maleic anhydride

Sample Elemental M} Hydrogen distribution (%)° Brown-Ladner analyses

composition

composition H,, H, Hy H, A G R/ Reus! H,/C.¢
PMP-PI C,43Hgo 1814 63.7 24.6 8.5 3.2 0.89 0.16 0.14 0.51
NMP-PI CgoMso 1015 60.7 25.6 10.5 33 0.85 0.17 0.22 0.59

2 Estimated by subtraction of the adducted maleic anhydride.
b Average molecular weight.

¢H-NMR, chemical shift (ppm) Har: 6 ~ 10, Hd: 1.74.3, H.: 1.0 ~ 1.7, H;: 03 ~ 1.0

4 Carbon aromaticity.

¢ Degree of aliphatic sub-units per unit structure.

fRatio of the naphthenic ring in the aromatic structure.

g Ratio of the aromatic hydrogen and carbon in the unit structure.

lated to be above 7 in both fractions, based on the
analyses.

The elemental composition, average molecular
weight, hydrogen distributions and some Brown—
Ladner structural parameters of the parent PI frac-
tions are summarized in Table IV. Such parameters
were corrected by substracting the contribution of the
adducted maleic anhydride to the solubilized PI,
based on its molar number estimated as above. The
average molecule in PMP-PI has C, ,sHjg, (molecular
weight 1814) and Brown—Ladner parameters such as
carbon aromaticity, f, = 0.89, degree of aliphatic sub-
stitution, o,; = 0.16, number of naphthenic ring/total
number of ring, R, /R, = 0.14, aromatic H/C at-
omic ratio, H,/C, = 0.51. The average molecule in
NMP-PI has CgzoHgo (molecular weight 1015), f,
=085 o,=017, R,/R. =022, and H,/C,
= 0.59. Such parameters of the solubilized fractions
suggest that PMP-PI carries larger molecules of high-
ly peri-condensed rings, less aliphatic and naphthenic
groups, than NMP-PL

nus,

4. Discussion

The present study revealed that the components in the
pyridine-insoluble fractions of both mesophase
pitches derived from FCC-DO and naphthalene are
reactive with maleic anhydride in the Diels—Alder
reaction. The components in the mesophase pitch
which were believed to consist of polycondensed aro-
matic rings [1, 2, 8—15] carry the reaction sites for the
Diels—Alder reaction. The reaction was found to intro-
duce the carbonyl and ether groups by eliminating the
isolated aromatic C—H bonds by adducting the maleic
anhydride. On average, seven molecules of the maleic
anhydride are introduced into a mesophase molecule.
The Diels—Alder reaction is suggested to proceed
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through dissolving the PI particle in the melted maleic
anhydride.

The introduced maleic anhydride should increase
the solubility of mesophase molecules in polar sol-
vents because of the polarity introduced through the
adducted maleic anhydride and bent structure of the
adduct. The small and soluble molecules trapped in
the large mesophase molecules may be released be-
cause of the dissolving ability of the maleic anhydride
during the reaction. Hence, high solubility up to 90
wt% in pyridine was achieved by this kind of
Diels—Alder reaction at 175-200°C.

Such a modification of the structures of mesophase
pitch molecules may sterically hinder the layered
stacking, although the PI fractions before and after the
Diels—Alder reaction showed similar optical aniso-
tropy, stacking height, L (002), and d(002) spacing.

It is of greater worth to discuss the optical aniso-
tropy and molecular stacking associations which were
certainly restored even after the Diels—Alder reaction.
The introduced maleic anhydride in the mesophase
molecules may not disturb the alignment and c-axial
stacking of the molecules and the regularity as a liquid
crystal. Nevertheless, such molecular assembles car-
rying a non-planar structure in the liquid-crystal mes-
ophase pitch may influence their molecular arrange-
ments in the spun fibre, some changes in properties of
their resultant carbon fibres being expected [22,23].
Unfortunately, no spinning is allowed at present be-
cause of retro-Diels—Alder reaction at the spinning
temperature.

The increased solubility of PI fraction allowed de-
tailed analysis of their chemical structures. Based on
Brown-Ladner parameters, infrared spectroscopy,
and molecular weight, some representative molecules
in PI fractions in FCC-DO and naphthalene-derived
mesophase pitches are illustrated in Figs 8 and 9,



Figure 8§ Model structures of the PMP-PI fraction. (%) Reactive
sites for the Diels—Alder reaction.

Figure 9 Model structures of the NMP-PI fraction. (%) Reactive
sites for the Diels—Alder reaction.

respectively. The mesophase molecules in the present
two pitches are very different in terms of structure,
probably reflecting their starting substances and the
preparation conditions.

PMP-PI carries larger aromatic rings of very peri-
condensed structures with fewer numbers of aliphatic
and naphthenic groups than NMP-PI. It should be
noted that PMP-PI has a greater number of methyl-
ene and aryl-aryl linkages between the aromatic units
for its higher molecular weight. Such structures are
basically similar to those observed with the soluble
components of the same mesophase pitches as re-
ported in previous papers [6, 9-12, 24-27], although
the molecular weight and size of aromatic nucleus
units are certainly larger.

The model structures illustrated in Figs 8 and 9
carry pairs of isolated aromatic C-H designated by
the asterisk. Such sites may react with maleic anhy-
dride in the Diels—Alder reaction as suggested by the
organic model compounds such as naphthalene, an-
thracene, and perylene [28-31]. Peri-type ring ar-
rangement in PMP-PI may have more 9,10 and 1,4
positions of anthracene units, the former of which is
very reactive in the Diels—Alder reaction. The reaction
may start at positions 9 and 10 at lower temperatures,
while positions 1 and 4 are much less reactive, reacting
at higher temperatures.

NMP-PI consists basically of perylene units, of
which 1,4 and 3,6 positions are reactive, as the reac-
tion of perylene suggests. The uniformity of the reac-
tion sites in the fraction may lead to a narrower
temperature range for the initiation and completion of
the reaction.
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