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Epoxy resins are certainly an important class of commerci-
cal polymers! having various applications due to their excel-
lent physical properties revealed when cured. To cure them

as amines, phenols, acids and acid anhydrides. The last gen-
erally include phthalic, maleic, succinic, tetrahydro- and he-
xahydrophthalic and methyl succinic anhydride(MSA) as well
as many others. In acid anhydride curing of technical epoxy
resins, which are derived mostly from Bisphenol A and epi-
chlorohydrin and hence contain free, secondary hydroxyl
groups, it is known®~® that the curing reaction is started
by the reaction of such a secondary hydroxyl group with
the anhydride, to generate a monoester with a free carboxy-
lic acid group, and this acid reacts then with an epoxy group
to form another hydroxyl group which, in turn, reacts with
another anhydride.

If 2 symmetric anhydride is reacted with a hydroxyl group,
the ester acid formed by the initiation should have the same
structure. If MSA is used as an unsymmetric anhydride, the
ester acid with two different structures should be formed,
of which one is a primary acid and the other is a secondary
acid. These two acids could have different reactivity in the
next-step reaction with epoxy group.

To make a study on the different reactivity of the two
ester acids to be formed in the noncatalyzed initiation reac-
tion of acid anhydride curing of epoxy resins containing hy-
droxyl groups on their main chains, 3-((1,3-diphenoxy)-2-pro-
pyloxycarbonylJ-butanoic acid(PA) and 2-[(1,3-diphenoxy)-2-
propyloxyacetyl]-propanoic acid(SA) were prepared by reac-
tion® of MSA with 1,3-diphenoxy-2-propanol at 80C, 100C
and 140C in 1,3-diphenoxy-propane, as shown in Sheme 1.
PA is a primary acid and SA is a secondary acid, both con-
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Figure 1. HPLC chromatogram of reaction product of MSA with
1,3-diphenoxy-2-propanol, Retention time(RT) in min. RT=9.31;
1,3-diphenoxyprepane, 14.18; 1,3-diphenoxy-2-propanol, 16.11; SA
and 17.82; PA.
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Figure 2. 'H-NMR absorption of methyl protons (CDCIy).

taining an ester group. The 1,3-diphenoxy-propane is used
as the solvent to keep the reaction conditions similar to
epoxy curing environment. The different reactivity between
PA and SA toward an epoxy group, which was modeled by
phenyl glycidyl ether, was measured by differential scanning
calorimetry(DSC).

Preparation of PA and SA was carried out in the absence
of any catalysts. Formation of them was confirmed by an
analytical HPLC" whose chromatogram is shown in Figure
1. After isolation to high purity by preparative HPLC!" PAY
and SA® were identified by 'H-NMR spectroscopy, parts of
whose spectra are reproduced in Figure 2. It shows clearly
that methyl protons of PA appear at upper magnetic field
than those of SA, because the former are positioned farther
to the electron-withdrawing -COOH group than the latter.
The identification'"® helped assign the peaks of analytical
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Table 1. PA/SA Ratio at Different Temperatures

Reaction temperature(T) PA/SA ratio

a5 1/1.40

100 1/1.32

140 1/0.99
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Figure 3. DSC thermogrmas obtained from the reactions of
phenyl glycidyl ether with PA(curve A), SA(curve B) and their
mixture(curve C).

HPLC chromatogram as illustrated in Figure 1.

Effect of temperature on product ratio PA/SA was investi-
gated by peak area ratios obtained from the analytical HPLC
chromatograms and this result is summarized in Table 1.
It shows that SA is the dominant product at 85C, while
at 140C the ratio is 1:1. This fact indicates that at lower
temperature formation of SA is dominant and at higher tem-
perature that of PA increases. This tendency means again
that the methy) group of MSA plays a role in determining
the product ratio, because the SA is formed by nucleophilic
attack of the fairly bulky secondary alcohol of 1,3-diphenoxy-
2-propanol at MSA's C=0 of 5-position, while the PA is
formed by its attack at MSA’s C=0 of 2-position. However,
the C=0 of 2-position must be higher in electron density
and sterically more hindered than the C=0 of 53-position
due to the presence of the methyl group at 3-position. This
conjecture might be able to explain the experimental result
that the attack at C=0 of 5-position is preferred to that
at C=0 of 2-position. With increase in reaction temperature
the reactivity difference becomes insignificant,

DSC scan™ enabled us to study the reactivity difference
between PA and SA toward the phenyl glycidy) ether, be-
cause ring-opening reaction of epoxy group is exothermic
and DSC measures the heat flow very accurately. The DSC
thermograms obtained are reproduced in Figure 3. It shows
clearly that the PA has its exotherm peak (ca. 177C) at high-
er temperature than the SA (ca. 137C). This indicates that
the SA reacts with phenyl glycidyl ether at lower tempera-
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ture than the PA, hence meaning that the SA has a greater
reactivity than the PA toward Bisphenol A epoxy resins mod-
eled by phenyl glycidyt ether.

The fact that the SA has a greater reactivity toward epoxy
group of phenyl glycidyl ether, can be explained by the mech-
anism suggested already by Shechter ef af’>. For a convenient
understanding this is reproduced in Scheme 2. According
to this mechanism, oxirane ring is opened by nuclecphilic
attack of carboxylate anion at the methylene carbon atom
of the protonated oxirane ring to give the final ester product.
The carboxylate anion and its counter oxonium ion are for-
med by dissociation of the acid and addition of proton to
the oxirane ring, respectively, vig complexation between the
oxirane group and the -COOH group. It is conjecturable that
the PA should be a stronger acid than the SA, because in
the SA the electron-donating methyl group lies at a-position
to the -COOH group, whereas in the PA that lies at B-posi-
tion, and hence the -COO~ formed from the SA should be
a stronger nucleophile than -COO~ formed from the PA.
Therefore, it may be assumed that the oxonium ion will be
more easily formed by PA than by SA, but the protonated
oxirane ring will be opened more easily by the more nucleo-
philic -COO~ formed from SA than by the less nucleophilic
-COO~ formed from PA. The higher reactivity of the SA
toward phenyl glycidyl ether than the PA, observed from
the DSC measurements, indicates that oxirane ring opening
reaction is the rate-determining step in the whole reaction
path, as already reported earlier’™s.

A simple attempt was made to distinguish the acidity of
PA and SA by measuring neutralization peint upon titration
of the acids with very dilute NaOH solution in methanol,
but both acids revealed the same neutralization pH 9.2.

Investigations on relative reactivity of the carboxylate
anions of PA and SA using their sodium salts are in pro-
gress.

In conclusion, the noncatalyzed curing of epoxy resins con-
taining free hydroxyl groups with such an unsymmetric anh-
ydride as MSA gives two different carboxylic acids in the
initiation reaction and toward epoxy groups these carboxylic
acids could have different reactivites which can readily be
differentiated by DSC technique.
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Molecular self-assemblies of asymmetric viologens are of
recent interest.!™* Bard was the first to describe the well-
resofved two peaks of the first single-electron transfer pro-
cess(2+/+) with Langmuir-Blodgett (LB) films of the N-he-
xadecyl-N'-methyl viologen (CyVC,) and N-docosyl-N'-methyl
viologen (C,;VC,) at indium-tin oxide (ITQ) surfaces. At pre-
sent, precise information is not available about the origin




