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Polymeric Schiff Bases.
I. The Synthesis and Evaluation of Polymeric
Schiff Bases Prepared by Schiff Base Exchange Reactions

G. F. D’ALELIO, ]. V. CRIVELLO, R. K. SCHOENIG, and
T. ¥. HUEMMER

DEPARTMENT OF CHEMISTRY
UNIVERSITY OF NOTRE DAME
NOTRE DAME, INDIANA

Summary

This paper compares the syntheses and the thermal stabilities of twelve
related conjugated, pseudoconjugated, and nonconjugated Schiff base

polymers of the general formula, =[=N—Z—N=HC~©>—CH%,,=, in which

Z represents

-0--00-- OO~
0~0O--O0O-
“0+0--0OO-

@CHZCH2CH2CH2 —@ @

—(CH,)—, and—(CHz)ﬁ_

The polymers were prepared (a) by the condensation of Z(NH,), and
p—CsH(CHO); in (1) solution and (2) as melts, and (b) by three new Schiff
base exchange reactions: (1) the aldehyde exchange,
nOHCCgH,CHO + nCH;CH=N—Z—N=HCC:H; =

(2n — 1)C,H,CHO + C;H;CH=EN—Z—N=HCCyH ,CHFO
1161
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(2) the amine exchange.

nHN—Z—NH, + nCsH;N=HCCsH,CH=NC;H; =
(2n — 1)C,H;NH, + H~N—Z—N=HCCH,CH3zNC,H;

and (3) the bis exchange,

nCeH;N=HCC,H,CH=NC H; + nCeH;CH==N—Z—N=HCGCH, =
(2 — 1)CeH;CH=NCH; + CeH,CH=EN—Z—N==HCC,H,CH3=NCH,

The nonconjugated polymers were prepared conveniently in solution by
the reaction of the aliphatic diamines, H;N(CH,),NH,, with terephthalde-
hyde as well as by the bis exchange method; they were white or cream in
color and had thermal stabilities of about 300°C in nitrogen and 250°C in air.

The condensations in solution of the conjugated and pseudoconjugated
diamines with terephthaldehyde yielded yellow, low molecular weight,
intractable, infusible, brick-dust polymers, whereas melt polymerizations
yielded, after passing through a fusible, tractable stage, highly conjugated
black polymers of relatively high thermal stabilities. These melt polymeri-
zations were difficult to control. However, the polymers were prepared
most readily by the Schiff base exchange reactions, of which the bis ex-
change was the most highly moderated and best controlled.

The bis exchange polymerization method produced fusible, tractable
polymers which underwent color changes progressively from yellow to
orange to red to brown to black; on continued heating the black polymers
became infusible. The thermal stabilities of the polymers depended on the
maximum temperature at which the condensations had been performed.
The polycondensation was shown to be incomplete at temperatures up to
400°C, yet the thermal stabilities of polymers thus prepared were in the
range 500-550°C in nitrogen and 430-480°C in air. When condensed to
600°C, the polymers showed a weight loss in nitrogen of less than 5% at
700°C and of less than 18% at 1176°C; the thermal stabilities in air were in
the range 510-550°C. When the condensation was carried to temperatures
of about 700°C or higher, hydrogen was eliminated, most probably, as the
result of the intramolecular formation of carbocyclic-heterocyclic phen-
anthridine structures. When condensed to 1176°C, the polymers showed
thermal stabilities in nitrogen in excess of 1100°C, and in air in the range
440-600°C; the highest thermal stability was shown by the fully conju-
gated poly(p-xylylidene-p-phenylenediamine).

The relationship of the thermal stability of a polymer to its chem-
ical structure has been discussed in several papers (I1-4). Maximum
thermal stability in polymers is usually obtained when (1) thermally
unreactive ring structures constitute a major portion of the polymer
composition, (2) maximum use is made of resonance stabilization,
(3) high bond energy exists between the atoms in the chain, (4) the
ring structures have normal bond angles, and (5) the structure offers
no easy pathway for rearrangement.
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High-resonance-energy structures can be obtained by use of
appropriate aromatic or heterocyclic groups; their thermal unreac-
tivity can be estimated from the thermal reactivity data of Lewis
(5). Most of the available bond-energy values have been de-
termined from studies of small molecules in the gaseous or liquid
state. Although these values can be used in the design of polymer
molecules, interactions in polymers can exert a considerable effect
on the stability of a given bond under a specific set of conditions
(1), and thus the bonds in polymers often behave as if they were
stronger than in simple monomeric molecules. It is not surprising,
therefore, in the light of these principles, that the more promising
heat-resistant, thermally stable polymers are the polyconjugated
aromatic types, such as the polybenzimides (6-9), the polybenz-
imidazoles (6,10-13), the polybenzoxazoles (13), the polyoxadia-
zoles (13), the polyparaphenylenes (14,15), and other polymers of
related structures (7,13).

In an analogy to these polymers, one might expect that a con-

jugated system, linked together by a simple —C==N-— bridge in an
|

aromatic system, —Ar'C=N—Ar'—, might show remarkable ther-
mal stability. The simplest compounds possessing this structure
are the monomeric Schiff bases, C;H;CH=NCiH,, C;H,CH=
NCgHN=CHC¢H;, and CgH;N=HCCH,CH=NC4H;; they are
sufficiently stable so that they can be distilled at atmospheric pres-
sure without decomposition. Accordingly, the conjugated poly-
meric Schiff bases were selected (16) as candidates for synthesis
and evaluation as thermally stable polymers. These polymers have
the general structure

=EN—Ar'—N=HCAr"'CH¥+
(D

in which Ar’ and Ar'’ represent arylene moieties.

The application of the principles which yield thermally stable
polymers usually produce insoluble, infusible, intractable brick-
dust polymers. Polymers which possess desirable physical prop-
erties at high temperature, but which pass through a tractable stage
which permits them to be fabricated into an ultimate product, have
been a long-standing, challenging goal to the polymer scientist.
In recent years, this objective has been met by a number of poly-
mers, such as the polypyromellitimides (6-9), the polybenzimid-
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azoles (6,10-13), and others (14,15), by isolating the condensation
products in the “prepolymer” or “hemipolymer” stage, a stage in
which they are soluble and tractable before ring closure occurs in
the linkages between the arylene groups. The “hemipolymer”
approach, which would require the isolation of an intermediate,
has not been successful in the synthesis of the polymeric Schiff
bases. Marvel (17-19) appears to be the first to have prepared a
substituted polymeric Schiff base, from the reaction of 5,5'-meth-
ylene-bissalicylaldehyde and o-phenylenediamine in tetrahydro-
furan or acetic acid solvents. The polymer was isolated in an 87.5%
yield as a yellow-orange precipitate whose inherent viscosity (1%
in dimethylformamide) was 0.05. Numerous attempts were made
(19) to increase the molecular weight of the polymers by variations
in solvent systems, catalysts, temperature, use of dehydrating
agents, and azeotropic removal of water, but none of these modifi-
cations resulted in significant improvement in molecular weight.
The zinc chelates of these polymers showed thermal stability up
to 250°C.

During the course of our work, some data appeared which indi-
cated that even low molecular weight Schiff base polymers possess
significant thermal stability. Akitt and his co-workers reported (20)
that the substituted yellow Schiff base polymer, derived from the
condensation in dimethyl sulfoxide of terephthaldehyde and 2,4-
diaminophenol, did not melt or decompose below 300°C. Topchiev
and his co-workers reported (21) a decomposition temperature of
350°C in air for the yellow brick-dust polymer obtained by the con-
densation in benzene of terephthaldehyde and p-phenylenedi-
amine. Stivala et al. (22) found that when the yellow, low molecular
weight polymer, resulting from the reaction of terephthaldehyde
and m-phenylenediamine in dimethylformamide, was subse-
quently heated in nitrogen to 250°C, it was stable to about 400°C
at a pressure of 0.1 mm Hg.

The Schiff base polymers described above were prepared by the
usual solution procedure used (23) in the synthesis of monomeric
Schiff bases. Our preliminary studies had shown also that syntheses
performed in solution, using a large variety of solvents for a diverse
number of aryl diamines and aryl dicarbonyl compounds, yielded
insoluble, infusible, nontractable brick-dust polymers of low mo-
lecular weight, ranging in color from yellow to orange. In such solu-
tion polymerizations, the low molecular weight has been attributed
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(24) to the insolubility of the growing polymer chains in the me-
dium resulting in precipitation which thereby prevents the attain-
ment of higher molecular weights. We also observed that when
these precipitated polymeric Schiff bases were heated at 250°C in
the solid state, they changed in color from yellow to orange and in
some cases to brown, indicating that some chain extension might
have occurred. Black polymers should be expected if the chain
length of the conjugated polymer is sufficiently long, as is evi-
denced in the case of polystilbene (II) to which the poly-Schiff
base, poly(p-xylylidene-p-phenylenediamine) (III), is structurally

related:
4HC—©—CH=HC—©—CH§="

(IT)

ac- Qo)

(II1)

Thermal stabilities (25) comparable to those found in the poly-
stilbenes should be found also in the poly-Schiff bases, whereas
only lower stabilities have been reported (17-22).

Exploratory experiments demonstrated (16,26,27) that when
aromatic dialdehyde and aromatic diamines were reacted rapidly
in a molten condition, black, highly conjugated polymeric Schiff
bases were obtained. However, because of the high melt tempera-
tures required, and of the high reactivity of the reactants, the
polymerization was extremely difficult to control even though
tractable, black polymers could be obtained by interrupting the
reaction at the early stages of polymerization, usually after a few
minutes of reaction (16,26,27).

The deficiencies of these solutions and melt processes indicated
that a decrease in the reactivity of the aldehyde function or of the
amine function, or of both functions, which would slow down the
polycondensation, might be beneficial to the polymerization
reaction.

The decrease in reactivity could be achieved by converting the
aldehyde function, —CHO (1), to other suitable derivatives, such
as to an aldimine function, —CH=NR (2), or to an acetal function,
—CH-—(OR); (3), and by converting the amine function, —NH; (4),
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to other suitable derivatives, such as to an anil function, —N=CHR
(5), or to an amide function, —NHOCR (6). Then the retardation
of the reaction was to be achieved by using the corresponding
derivatives in place of the aldehydes and amines, respectively. The
polymers prepared from these derivatives would contain the cor-
responding end groups, which, conceivably, could contribute to
homogeneity in the reaction mixture. In addition, since the deriv-
atives are more stable to oxidation than the parent compounds,
degradative oxidation during and after synthesis might also be
reduced. The nine reactions possible between the three aldehyde-
type reagents, (1), (2), and (3), with the three amine-type reagents,
(4), (5), and (6), are shown in Table 1.

Simple monomeric, that is nonpolymeric, Schiff bases are to be
expected in a reaction when both reagents are monofunctional,
whereas the production of polymers would require that both re-
agents be at least bifunctional. The synthesis of monomeric Schiff
bases from aromatic aldehydes and aromatic amines (reaction A),
has been known for some time, (23), and the application of this
reaction, using dialdehydes and diamines for the synthesis of poly-
mers is relatively recent (11-15). The literature on the synthesis of
monomeric Schiff bases by an aldehyde exchange (reaction B),
which we defined (16) as the displacement of the aldehyde function
in a Schiff base and its replacement by another aldehyde, is meager
(28) and has not been applied to the synthesis of polymers.

TABLE 1

Reactants for Synthesis of Monomeric and Polymeric Schiff Bases

Literature refs.
Functional groups

Reaction in reaction pairs Monomers Polymers

A —CHO (1) +—NH, (4) 23 11-15

B —CHO (1) + —N=CHR (5) 28 Unreported
C —CHO (1) +—NHOCR (6) Unreported Unreported
D —CH=NR (2) +—NH, (4) Unreported Unreported
E —CH=NR (2) +—N=CHR (5) Unreported Unreported
F —CH=NR (2) +—NHOCR (6) Unreported Unreported
G —CH(OR), (3) +—NH, 4 Unreported Unreported
H —CH(OR), (3) +—N=CHR (5) Unreported Unreported
I —CH(OR), (3) +—NHOCR (6) Unreported Unreported
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Although the amine exchange, reaction D, which consists in the
displacement of the amine function in a Schiff base and its replace-
ment by another amine, is not described, the related amine ex-
change with ketanil monomers is disclosed (29,30).

None of the remaining reactions given in Table 1 appears to have
been described in the literature. However, before applying any of
these reactions to polymer systems, it was necessary to establish
their validity in prototype syntheses of monomeric Schiff bases to
assure that the yields, at least, were very high, if not quantitative,
and that the reactions were substantially free of detrimental side
reactions. The results of these prototype studies, which are re-
ported in other publications (31,32) show that seven of the reac-
tions, A, B, D, E, G, H, and I of Table 1, are applicable broadly to
the synthesis of monomeric Schiff bases. Some Schiff bases were
obtained also from reactions C and F, in which an acylanilide is a
reactant, but the yields were less than quantitative and the reac-
tions were complicated somewhat by the presence of by-products
resulting from side reactions. These seven reactions were evaluated
in polymerization systems. They were also found to be applicable
to the same degree found for the monomer systems and were ap-
plied to the synthesis of simple, black, Schiff base polymers which
pass through a tractable stage. Since the thermal stability as well as
other physical properties of heat-resistant polymers have been at-
tributed to uninterrupted conjugation in their chain structures, it
was considered important to determine how the stability of Schiff
base polymers would be influenced by decreasing or interrupting
the conjugation by inserting appropriate groups or structures in
the backbone of the polymers. For the study of this specific phase,
it was decided to maintain Ar’’ in the arylidene moiety in (I) con-

stant as p-phenylene,

and to introduce the changes in conjugation in Ar’ of the diamine
moiety, to yield polymers of the general formula,

=EN—Z—N=HC~©—CH§§

(Iv)
thus Z represents the bivalent structure, Ar’, in which changes in
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conjugation were introduced. Polymers in which Z is the p-phenyl-
ene moiety, p—CgH,—, were selected as the reference points for
the evaluation of changes in properties with changes in the nature
or the extent of conjugation. Modification of the degree of conjuga-
tion can be accomplished by changes in position substitution on the
benzene ring as by the use of the m-phenylene group, m—CgH,—,
instead of p—CgH,—, or extending the conjugation by the use of
two phenylene structures as in the diphenyl group, —C¢H,—
CsH,—. A relatively simple method of changing the character and
extent of conjugation in aromatic compounds is to introduce
changes in the diphenylene group by the insertion of other atoms
or groups of atoms, such as —O—, —S8—, —SO0,—, —CH,—,
—NH—, etc., between the benzene rings, thus —CgH —Y—C¢H,—,
thereby yielding polymers of the general structure

%N—C5H4—Y—CSH¢—N=HC<©—CH=E

Since a number of Y groups, such as —O— and —NH-—, are bridges
containing unshared pairs of electrons, they can make some con-
tribution to the resonance structure; and polymers containing such
structures cannot be considered as completely nonconjugated;
rather, because of this character, they can be considered pseudo-
conjugated polymers and more closely related to polymers in which
Z is —C4H,— and —C,;H,—C¢H,— than to those in which Z is
aliphatic in nature, such as 4CHy)r and CHy¥. Even when Y is
—CH,—, homoconjungation has been shown (33) to exist, since
overlap can occur between orbitals of the two benzene rings which
are so situated that the orbitals are close to one another. Orbital
overlap of this kind exists also when Y is —O—, —S—and —NH—,
but it is greatly reduced when Y is —CH,CH,CH,CH,—.

When the Z group in =[=N—Z—N=HC©—CH§,,= is phenyl-

ene, the polymer is the poly(p-xylylidene-p-phenylenediamine),
(III), and may be termed the para-para polymer. The syntheses and
the comparison of the thermal properties of the three isomeric
para-meta, meta-para, and meta-meta polymers with the para-para
polymer is the subject of another publication (34). Substitution of
the carbonyl hydrogens by R groups in =HCC¢H,CH= yields the
polyketanils,
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L1
=N—Z—N=C—Ar—Ck

these also have been prepared and will be reported (35) separately.
Accordingly, to minimize the number of variables in the study of
the influence of conjugation on the thermal stability of the polymer,
appropriate para-para polymers of structure (IV) were prepared
which contained the Z structures shown in Table 2.

Three new polymerization reactions, which we have termed
“Schiff base exchange” reactions (16,26,27), (1) the amine ex-
change, (2) the aldehyde exchange, and (3) the bis exchange, were
used to prepare the polymers of Table 2.

The aldehyde exchange polymerization (reaction B, Table 1) can
be written as

nOHC—CsH,—CHO + nCH;CH=N—Z—N=HCCH; =
(2n — 1)CH;CHO + CH,CH=fN—Z—N=HC—C,H,—CH3}z0O (1)

and the amine exchange polymerization (reaction D, Table 1) as

nH,N—Z—NH, + nCqH;N=HC—CzH,—CH=NCH; =
(2n — 1)CeH;NH, + H~EN—Z—N=HC—C;H,—CHHFNC;H; (2)

and the bis exchange, which involves the mutual replacement of
the aldehyde and amine functions in two distinct Schiff bases to
produce two new Schiff bases (reaction E, Table 1), as

nCeH N=HC—CeH ,—CH=NC,H; + nC;H,CH=N—Z—N=HCCH; =
(2n — 1)CsH;CH=NC,H; + C;H,CH=N—Z—N=HC—C;H,—CHE&NC,H; (3)

The general procedure consisted in melting the mixture of re-
agents in a suitable apparatus in an inert atmosphere until equilib-
rium was established and thereafter removing the lower molecular
weight by-products by distillation to shift the equilibrium to the
polymer product. The bis exchange reaction differs from the amine
and the aldehyde exchanges in that benzylideneaniline, which is
a Schiff base, is eliminated as the by-product in this reaction,
whereas aniline and benzaldehyde, respectively, are eliminated in
the other exchange reactions. Since benzylideneaniline is a mono-
meric Schiff base, which is physically and chemically related to the
resulting polymer, it could be presumed to be acting as a solvent in
the reaction. To establish the validity of this assumption, the amine-
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and the aldehyde-exchange polymerizations were conducted also
in the presence of benzylideneaniline.

This paper compares the syntheses and thermal stabilities of
selected Schiff base polymers prepared by (a) the condensation, in
solution, of diamines and dialdehydes; (b) the melt polymerization
of diamines and dialdehydes; and (c) the solution and melt polym-
erizations involving (1) amine exchange, (2) aldehyde exchange,
and (3) bis exchange reactions.

EXPERIMENTAL

Monomers

The Schiff base monomers used in these studies were prepared,
characterized, and purified by procedures reported elsewhere (36).
The amines and aldehydes used for the syntheses of these mono-
mers and for other reactions were obtained from commercial
sources and were purified by distillation or crystallization before
use (36).

Polymerizations

Equilibrium Solution Polymerizations of Dialdehydes and Diamines.
A typical procedure is illustrated by the following example: A mix-
ture of equimolar portions of 0.54 g (0.005 mole) of p-phenylenedi-
amine and 0.67 g (0.005 mole) of terephthaldehyde, 15 ml of ethyl
alcohol and 0.05 g of acetic acid in a 50-ml round-bottom, three-
neck flask equipped with a reflux condenser, gas inlet tube, gas
outlet tube, and an electric heating mantle was refluxed under a
nitrogen atmosphere for 4 hr. The bright-yellow precipitate which
formed was removed by filtration and dried to constant weight,
1.12 g, in a vacuum oven at room temperature. The product did not
melt when heated to temperatures up to 300°C. It was insoluble in
common organic solvents as well as in dimethylformamide, di-
methylacetamide, dimethyl sulfoxide, and butyrolactone, but was
soluble in 98% formic acid, glacial acetic acid, acetic anhydride,
and saturated aqueous sodium bisulfite. The infrared spectra
showed adsorption bands for the NH, group in the region of 3380
cm™ and for the —CHO group in the region of 1700 cm™.

Analysis: Found: C, 78.49%; H, 5.09%; N, 12.96%
Caled. for O=FHCC¢H , CH=NCH N}==H,: C, 78.69%;
H, 5.07%; N, 13.07%
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In subsequent experiments, water, benzene, toluene, xylene,
acetic anhydride, dimethylformamide, dimethylacetamide, di-
methylaniline, and tetrahydrofuran were substituted for the ethyl
alcohol; and hydrochloric acid, sulfuric acid and p-toluenesulfonic
acid were substituted for the acetic acid; in all cases, similar con-
densation products were obtained in yields varying from 93.6 to
96.2%, and their infrared spectra showed the presence of NH; and
CHO functions.

Continuous Azeotropic Solution Condensation of Dialdehydes and Di-
amines. A typical procedure is illustrated by the following example:
into a 250-ml three-neck, round-bottom flask equipped with a re-
flux condenser, a gas inlet and outlet tube, a Dean-Stark trap, a
magnetic stirrer, and an electric heating mantle were placed 100
ml of freshly distilled benzene and 0.01 mole of the appropriate
diamine. A slow stream of deoxygenated nitrogen was passed
through the apparatus and the mixture heated, with stirring, until
the diamine was dissolved; then 0.01 mole of terephthaldehyde
dissolved in 100 ml of benzene was added to the solution, the mix-
ture refluxed, and the azeotroped water collected in the Dean-Stark
trap. The reaction appeared to be completed at the end of 2 hr, but
to assure completeness it was continued for 20 hr, and the reaction
mixture cooled to room temperature. In all cases the conjugated
and pseudoconjugated polymers precipitated during reaction from
the solution as fine, intractable, brick-dust type powders; they were
recovered by filtration and dried to constant weight in a vacuum
oven at 25°C at 5 mm Hg pressure. The colors of these polymers
varied from light yellow to greenish yellow and orange-yellow,
and they did not melt when heated to temperatures up to 400°C.
The infrared spectra of the polymers showed the presence of
NH, function at 3380 cm™ and —CHO function at 1700 cm™. The
two polymers containing aliphatic bridges, =N—CH)}rN= and
=N—CH)sN=, which were prepared by reacting 1,4-diaminobu-
tane and 1,6-diaminohexane, respectively, with terephthaldehyde,
remained in solution during the reaction and precipitated on cool-
ing. Their white color was in marked contrast with the yellow color
of their aromatic counterparts. Table 3 summarizes the yields,
colors, nitrogen analyses, and average DP, calculated from the
nitrogen analyses of the polymers prepared in solution.

The nitrogen analyses indicated that the polymers were of rela-
tively low molecular weight. Analyses for carbon and hydrogen
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also yielded values which characterized them as low molecular
weight products. A typical analysis is illustrated by that for poly-
mer 1-Y.

Analysis: Found: C, 79.55%; H, 5.15%; N, 13.28%
Calcd. for: (1) CyH(;N,O,: OHCCH,CH=NC;H N=
HCCsH,CHO: C, 77.60%; H, 4.70%;
N, 8.23%
(2) C20H21N4: HzNC6H4N=HCC6H4CH=
NCgH ,NH,: C, 75.70%; H, 6.64%; N,
17.65%
(3) O[C14H10N2]nH21 O=+CHCH,CH=
NCeH, N¥=H,:
n = 1. C, 75.00%; H, 5.36%; N,
12.50%; O, 7.15%
n=3: C, 7925%; H, 5.03%;
13.12%; O, 2.50%
n=>5: C, 80.15%; H, 4.96%;
13.36%; O, 1.52%
n=10: C, 80.94%; H, 4.90%;
13.48%; O, 0.77%
n=ow: C, 81.53%; H, 4.88%;
13.59%

N,
N,
N,
N,

The analytical data indicate that polymer 1-Y was, as an average,
a tetramer. A sample, 0.5 g, of polymer 1-Y was heated in a micro-
distillation apparatus in a slow stream of nitrogen (a) for § hr at
200°C, and another sample, (b), for 3 hr at 250°C. Trace amounts of
water and p-phenylenediamine, m.p. 139°C, collected on the sur-
face of the distilling head. The polymer samples were then cooled,
isolated, and analyzed. The yield of 1-Y-a was 0.495 g, and its yel-
low color was unchanged from that of the original, and the yield
of 1-Y-b was 0.493 g, and its color was a light-orange yellow. The
infrared spectra of the original and postheated polymers showed
the presence of —NH, and —CHO functions. The samples, before
and after heating, were soluble in formic, acetic, and sulfuric acids,
and saturated aqueous sodium bisulfite. They were also soluble,
at 140°C, in benzylideneaniline. The intrinsic viscosities of poly-
mers 1-Y, 1-Y-a, and 1-Y-b at 25°C in 95.3% sulfuric acid were 0.051,
0.053, and 0.055, respectively. Analyses of these samples for C, H,
and N yielded the following values, which were compared to values
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published (37) for the polymer 1-Y-c prepared in solution and which
was considered to be a dimer.

Analysis: Found: 1-Y: C, 79.55%; H, 5.15%; N, 13.28%
1-Y-a: C, 79.74%; H, 5.11%; N, 12.82%
1-Y-b: C, 79.76%; H, 4.98%: N, 13.14%
1-Y-c (37): C, 78.56%; H, 5.15%; N, 12.47%

Condensation in Sulfuric Acid. To 27.6 g of 95.3% sulfuric acid,
cooled to 5°C, there was added slowly, with stirring, 0.54 g (0.005
mole) of p-phenylenediamine; then the temperature was raised
slowly to 20°C and a clear solution resulted. The solution was again
cooled to 0-5°C and 0.67 g of terephthaldehyde added slowly in
portions over a period of about 10 min; then the temperature of the
mixture was allowed to rise to 25°C, and a clear yellow solution re-
sulted. When an aliquot part of about 1 ml! of the solution was
poured onto 20 g of crushed ice, a yellow precipitate formed im-
mediately, which on standing after the ice had melted, disappeared
in about 10 min by dissolution in the acidified water. When, how-
ever, the polymer solution was dripped slowly into a 5% sodium
hydroxide solution cooled to 0-5°C, the yellow precipitate re-
mained and was removed by filtration, washed several times in
boiling water, until the water was neutral, isolated, and dried to
constant weight. The infrared spectrum of the yellow product
showed the presence of NH, and CHO functions as well as the band
tor —C=N—; intrinsic viscosity in sulfuric acid at 25°C, 0.06. The
intrinsic viscosities in sulfuric acid at 25°C of the brown and dark-
brown polymers which were isolated as precipitates after the
sulfuric acid solution had stood at room temperature for 5 and 8
days, were 0.36 and 0.41, respectively.

Melt Polymerization of p-Phenylenediamine and Terephthaldehyde.
By Rapid Heating. In a nitrogen atmosphere in a dry box, 1.08 g
(0.01 mole) of freshly purified p-phenylenediamine and 1.34 g (0.01
mole) of terephthaldehyde were thoroughly mixed and ground by
means of a mortar and pestle, and transferred to a 10-ml micro
distilling flask equipped with a thermometer, nitrogen gas inlet,
condenser, receiver, and gas outlet. The mixture was heated rapidly
under a slow stream of nitrogen by means of a blue flame of a micro
Bunsen burner until the mixture became fluid at about 160°C, as
indicated by the thermometer whose bulb was immersed in the
mixture. In about 2 min, the melt became increasingly viscous,
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changing progressively in color from a yellow to orange to brown
and to a black solid. Then the contents of the flask were heated by
means of an electric mantle for 1 hr at 180°C and 1 hr at 260°C.
The yield of this polymer, 1-B-RP-260, was 2.03 g (98.5%); it was
insoluble in formic acid and in molten benzylideneaniline, and
only slightly soluble in sulfuric acid. The infrared spectrum showed
the absence of —NH, functions but the presence of a low concen-
tration of —CHO groups.

Analysis: Found: First analysis: C, 83.25%; H, 5.47%; N, 6.08%;
3 =94.80%
Second analysis: C, 85.59%; H, 5.17%; N,
9.79%; 3 = 100.5%
Third analysis: C, ---; H, ---; N, 13.48%

When polymer 1-B-RP-260 was reheated in nitrogen to 400°C for
1 hr, the resulting polymer, 1-B-RB-H400, became completely in-
soluble in sulfuric acid and its infrared spectra showed the absence
of NH, and CHO functions.

One gram of the heated, insoluble polymer 1-B-RP-H400 was
finely ground and mixed with 10.0 g of benzylideneaniline and 0.05
g of zinc chloride in a microflask equipped with a gas inlet and
steam-heated reflux condenser; the mixture was then heated under
a nitrogen atmosphere to reflux at 310°C for 48 hr. The solution
became dark-colored when reflux temperature was reached, and
a homogeneous black solution resulted in about 18 hr. On cooling to
room temperature, the mixture solidified to a black polymeric solid,
1-B-RP-H400-S, which was soluble in sulfuric acid. Distillation of
the mixture to 330°C at 15 mm Hg pressure eliminated much of the
benzylidene rapidly, at which time a sample was withdrawn and
found to be soluble in concentrated sulfuric acid. Then the heating
was continued to 600°C, and 1.09 g of a solid black polymer, in-
soluble in sulfuric acid, was obtained.

By Slow Heating. A mixture of 0.01 mole each of p-phenylenedi-
amine and terephthaldehyde was mixed under nitrogen in a dry
box by the procedure given above and placed in a 1-in.-diameter
50-ml Pyrex glass reaction tube equipped with a nitrogen capillary
inlet, supported by a Teflon adapter, a side arm to which was at-
tached a condenser with an adapter for evacuation, and a receiver
which was submerged in an acetone-solid carbon dioxide trap. All
joints were ground glass and of standard taper. After the oxygen in
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the system was displaced with deoxygenated nitrogen, the tube
assembly was inserted into a metal heat sink, preheated to 300°C,
which consisted of a cube of aluminum, 3 in. long, on an edge. A
hole, 1 in. in diameter, was drilled in the center of one face of the
cube to house the reaction tube, and a probe hole was located
within % in. of the inserted reaction tube. The metal cube was
heated by a special Glas-Col square mantle, custom-made for the
cube. The temperature was maintained at 300°C by a Model 1422-
071 ProportioNull electronic controller (Cole-Parmer Instrument
and Equipment Co.), whose upper limit of control is 400°C. For
heating above 400°C, as required in other experiments, a quartz
reaction tube and a heat sink of copper were used and the temper-
ature controlled by a variable transformer and determined by means
of a thermocouple. The maximum temperature of the apparatus
equipped with a quartz reaction tube is 600°C. When the tube was
inserted into the block at 300°C, the reactants softened to a paste
but did not pass through a clear melt stage, but a small amount of
water refluxed within the tube and a small amount of sublimed
material collected in the uppermost part of the reaction tube. Heat-
ing was continued at atmospheric pressure for 4 hr. Then the pres-
sure was reduced to 1 mm Hg and the heating continued at 300°C
for an additional 2 hr. The polymer mass, 1.766 g (86% yield), was
porous throughout; its color was light brown on the top and dark
brown on the bottom and in the interior of the mass. The polymer
was soluble in formic acid, glacial acetic acid, and sulfuric acid and
its infrared spectrum showed the presence of —NH, and —CHO
functions. Its intrinsic viscosity in 95.3% sulfuric acid at 25°C
was 0.16.

Analysis: Found: C, 80.64%; H, 4.92%; N, 13.46%; which cor-
responded approximately to the calculated
values for a heptamer

Schiff Base Exchange Polymerizations. Amine Exchange. In Solu-
tion. A mixture of 2.84 g (0.01 mole) of p-xylylidenedianiline and
1.08 g (0.01 mole) of p-phenylenediamine was dissolved in 200 ml
of benzene and the mixture refluxed under a nitrogen atmosphere
for 1 hr, and no reaction occurred. Then 0.002 g of p-toluenesulfonic
acid was added to the mixture and a yellow flocculent precipitate
appeared within a few minutes. The reaction was continued at
reflux for 4 hr, the mixture cooled to room temperature, the yellow
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condensation product removed by filtration, washed with benzene,
and dried in a vacuum oven at 25°C to constant weight; yield 2.13
g. The product was soluble in formic acid, glacial acetic acid, and
sulfuric acid. Its infrared spectrum showed the presence of bands
for —NH, at 3380 cm™, for —C=N at 1612 cm™!, and for N—CzH;
at 750 and 690 cm™. The yellow filtrate was refluxed for 12 hr and,
on cooling the solution, two distinct products precipitated. The first
fraction, 0.311 g, was a greenish-yellow powder whose infrared
spectrum showed strong peaks at 3380 cm™ for —NH; and at 1615
cm™ for CG==N—. This and its elemental analysis, C: 75.26; H: 6.52;
N: 17.86, indicated that it was impure H,NCgH,N=HCC:H,CH=
NCsH,NH,. The second fraction, 0.478 g, was a well-defined
orange-colored crystalline material. Its infrared spectrum showed
strong peaks in the —C=N—region at 1614 cm™ and in the phenyl-
ene regions at 1006 and 812 cm™. Peaks attributable to monosubsti-
tuted phenyl groups at 750 and 690 cm™ were absent. Based on
these spectral data and on its elemental analysis: C, 81.53; H, 4.88;
N, 13.59, the compound appears to be the cyclic derivative

N=HCC.H,CH=N
3H4 égHg-
N=HCC:H,CH==N

Neither of these compounds melted when heated to 300°C, but
when heated they changed color, becoming orange at about 130°C.

In a subsequent experiment, in which the toluene sulfonic acid
was omitted the mixture was refluxed for 12 hr, and a yield of 1.9 g
of yellow condensation product was obtained.

Other experiments in which ethyl alcohol, xylene, and tetralin,
respectively, were used as solvents and hydrochloric acid and sul-
furic acid, respectively, as catalysts yielded similar yellow conden-
sation products.

In Melt. By Rapid Heating. A mixture of p-xylylidenedianiline
2.84 g (0.01 mole) and p-phenylenediamine 1.08 g (0.01 mole) were
ground together with a mortor and a pestle in a dry box under nitro-
gen, transferred to a 10-ml micro distilling flask suitably equipped
and the mixture heated rapidly under nitrogen by means of a blue
flame of a micro Bunsen burner, as previously described above. The
mixture melted at about 132°C, rising rapidly to about 200°C,
eliminating aniline. In a few minutes the melt became increasingly
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viscous, changing progressively in color from yellow to orange to
brown to black. The contents of the flask were then heated for 1 hr
at 250°C; yields of aniline recovered, 1.67 g, and of polymer, 2.04
g. The polymer was somewhat soluble in sulfuric acid. Its infrared
spectrum showed a peak in the region of 1598 cm™ for C==N, a
weak peak at 3380 cm™ for NH,, and peaks at 750 and 690 cm™! for
—CgH;. Then, when this polymer was postheated at 380°C for 1 hr,
it became insoluble in sulfuric acid and its infrared spectrum
showed the absence of NH, functions.

By Slow Heating. A mixture of 2.84 g (0.01 mole) of p-xylylidene-
dianiline and 1.08 g (0.01 mole) of p-phenylenediamine was thor-
oughly mixed by grinding under an inert atmosphere by the pro-
cedure given above and placed in the glass reaction tube. The
mixture was then degassed at 1 mm Hg pressure, after which nitro-
gen was bled into the apparatus. The degassing procedure was
repeated two additional times, the tube inserted in the aluminum
heat sink previously described, and heating of the mixture started.
The temperature of the mixture increased in 10 min to 132°C, at
which temperature it melted, reacting immediately to form an
orange solution which then solidified in about 5 min. Then the tem-
perature was raised to 190°C for 45 min, then to 195°C for 45 min,
and the color of the polymer became orange-brown. The mixture
was then heated at 300°C for 14 hr at 20 mm Hg pressure, and for
3 hrat 1 mm Hg pressure, then allowed to cool to room temperature.
There was collected as a distillate 1.5 g of aniline, and 2.0 g of
polymer which was dark-brown and only slightly soluble in sul-
furic acid. Its infrared spectrum showed the presence of NH, func-
tions at 3380 cm™! as well as peaks for the —C=N— and —CsHs—
functions.

Aldehyde Exchange. In Solution. A mixture of 1.34 g (0.01 mole)
of terephthaldehyde and 2.84 g (0.01 mole) of dibenzylidene-p-
phenylenediamine and 25 ml of toluene (b.p. 110.8°C) was refluxed
under a nitrogen atmosphere for 4 hr, without the formation of
polymer or a change in color of the solution. Polymer formation did
not occur, also, when tetralin (b.p. 207.2°C) was substituted for the
toluene. However, when 0.010 g of zinc chloride was added to the
mixture of reactants, 2.41 g of yellow polymer and 2.29 g of orange
polymer, respectively, were obtained when toluene and tetralin,
respectively, were used as solvents. Both polymers were soluble
in sulfuric acid, and their infrared spectra, which were typical of
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the low molecular weight polymeric Schiff bases, also showed
bands for the presence of —CHO at 1700 cm™ and of —C4Hs— at
750 and 695 cm™. The analysis for the yellow polymer (found: C,
81.17%; H, 4.92%; N, 11.30%), indicated that, as an average, it was
a trimer, while the analysis for the orange polymer (found: C,
81.36%; H, 4.94%; N, 12.37%) indicated that it was, on the average,
a pentamer.

In Melt. A mixture of 1.34 g (0.01 mole) of terephthaldehyde and
2.84 g (0.01 mole) of dibenzylidene-p-phenylenediamine was
allowed to react under nitrogen in a 50-ml reaction tube by the pro-
cedure given above. The reaction was initiated by immersing the
reaction tube in a metal sink previously heated to 310°C. A clear
yellow melt formed at 95°C. The reaction conditions and observa-
tions were as shown in Table 4. The distillate, 1.2 g, was identified
as benzaldehyde by its infrared spectrum and by the preparation of
benzylideneaniline as a derivative. The reddish-brown polymer,
2.26 g, was insoluble in dimethylformamide but soluble in formic
and concentrated sulfuric acids. Its infrared spectrum showed
bands for the presence of —CHO at 1700 cm™ and for —CgHj at
750 and 795 cm™.

Analysis: Found: C, 81.38%; H, 4.91%; N, 13.49%

TABLE 4

Reaction Conditions

Time, Temp., Pressure,
min °C mm Hg Observation
0 95 760 Yellow melt
5 150 760 Light-orange melt
8 180 760 Orange melt
15 220 760 Deep-orange melt
25 230 760 Red-orange melt
60 240 760 Red-orange melt
67 260 760 Orange-red melt
120 280 760 Cherry-red melt
1302 310 760 Cherry-red melt
140 310 3.8 Viscous dark-red resin
150 310 0.7 Dark-red solid
270 310 0.7 Brown-red solid

¢ Liquid began to collect as a distillate at this time.



11: 38 25 January 2011

Downl oaded At:

POLYMERIC SCHIFF BASES. | 1181

A series of related experiments were performed in which the
mole ratio of terephthaldehyde to dibenzylidene-p-phenylenedi-
amine was varied from 1:2 to 2:1 for comparison of the color of the
reaction product with that of the 1:1 molar reaction mixture de-
scribed above. The experiments were performed in the apparatus
as described above. The mixture of reagents was introduced into
the reaction flask, the apparatus degassed at 0.4 mm, and a slow
stream of nitrogen introduced into the apparatus. The mixture was
then heated, and to avoid forcing conditions which would favor
polymer formation, the temperature was not allowed to rise above
220°C. In all cases, melting of the mixtures occurred below or at
about 100°C. The temperature was maintained at 220°C for 6 hr at
atmospheric pressure, and benzaldehyde collected as a distillate.
The reaction product was then allowed to cool to room temperature.
The observations listed in Table 5 were made during the course
of the reaction.

Bis Exchange. In Solution. A mixture of 2.84 g (0.01 mole) of
p-xylylidenedianil and 2.84 g (0.01 mole) of N,N'-bisbenzylidene-
p-phenylenediamine and 25 ml of toluene was refluxed for 6 hr
under a nitrogen atmosphere without a change in the color of the
solution. However, when 0.010 g of zinc chloride was added to the
mixture of reactants, 2.32 g of yellow polymer was obtained. When
tetralin was used as the solvent, 2.41 g of an orange polymer was
obtained. Both polymers were soluble in sulfuric acid and their
infrared spectra showed bands for the presence of terminal C¢Hs—
groups at 750 and 695 cm™.

In Melt. The two Schiff bases were thoroughly mixed and reacted
under nitrogen in the quartz reaction tube inserted in the metal
heat sink by the procedure described above. A number of explora-
tory polymerizations were performed in this apparatus in which the
time, temperature, and pressure conditions were varied over a wide
range. An evaluation of these polymerizations was made with re-
spect to ease of control, minimum loss of monomers, yield, and
color of polymer. To standardize the syntheses, all the polymers,
with the exception of those derived from the aliphatic diamines,
were prepared under identical conditions of time, temperature, and
pressure. These selected standardized conditions are given in
Table 6. Under these selected conditions, the polymerizations were
found to proceed smoothly with the reaction mixture changing suc-
cessively in color from yellow to orange to red to brown to black
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TABLE 5

Reactions of Terephthaldehyde and Dibenzylidene-p-phenylenediamine
at Various Mole Ratios

Mole ratio
CeH,(CHO),/
CgH,(N=HCCH;), Most probable structure? of the product observations®

1:1 O=HCC H ,CH=NCH NFHHCC:H;,
black polymer

1:2 HyC,CH=NC;H N=tHCCH,CH=NCH,N3zHCC;H,
yellow solid; m.p. 140-141°C; mixed with some orange-
red polymer

2:3 H3CsCH=NC;H N=HCC:H,CH=NCCH ,N3%=HCC,H;
orange-yellow solid; m.p. 145-220°C

3:4 HCyCH=NCH N=fHCC;H,CH=NCH N3=HCC,H,
yellow-orange solid; m.p. 128-178°C

5:6 H;CeCH=NCH N=fHCCyH,CH=NC;H ,N$HCC,H;
orange-red solid; m.p. 190-200°C

2:1 OHCCH,CH=ENCH ,N=HCC:H,CH¥}-0

some CgH,(CHO), sublimed, resulting in brown-red
polymer; infrared spectrum shows —CHO

3:2 OHCCH,CH=NCH ,N=HCCH,CH%0
orange-yellow solid; m.p. 180-280°C; infrared spec-
trum shows —CHO

4:3 OHCCH,CH=ENC,H,N=HCCH,CH}0
orange solid; m.p. 130-160°C; infrared spectrum
shows —CHO

6:5 OHCC H,CH=NCH,N=HCCH,CH30O
orange-red solid; m.p. 180-190°C; infrared spectrum
shows —CHO

¢ Value of n in formulas is assumed from ratios of reactants used; even with this
assumption the value must be considered as an average of higher and lower values.

® Melting points were measured on a calibrated Fisher-Johns melting point
apparatus.

TABLE 6

Reaction Conditions

Time, Temp., Pressure,
hr °C mm Hg
2 200 760
2 260 760
10 320 760
20 380 1

20 400 1
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with the continuous evolution of benzylideneaniline. When the
pressure was reduced in the final stages of the polymerization, it
was necessary to exercise care to avoid loss of reactants due to
“bumping.” It was found necessary to reduce the pressure slowly
from 760 mm to 1 mm over the course of 3 to 1 hr.

1. The following is a typical polymerization: a mixture of 2.84 g
(0.01 mole) of p-xylylidenedianil and 2.84 g (0.01 mole) of N,N’bis-
benzylidene-p-phenylenediamine was ground in a mortar and
pestle and placed in the reactor tube. The system was degassed to
1 mm Hg pressure, then refilled with dry deoxygenated nitrogen;
the degassing was repeated two additional times and the apparatus
repressured with nitrogen to atmospheric pressure. The tube was
then placed in the metal heat sink preheated to 200°C. The mixture
melted completely in the temperature range 80 to 85°C, at which
time it was thoroughly shaken to assure homogeneity, and the reac-
tion continued under the selected standardized conditions of time,
temperature, and pressure. As the reaction proceeded, the reaction
mixture changed (38) from a yellow fluid melt to a light-orange fluid
melt, to a brilliant-orange fluid melt, to a red thick melt, to a brown
viscous melt, then to a dark brown very viscous melt as benzyl-
ideneaniline began to reflux from the mixture at 320°C. As benzyl-
ideneaniline was distilled from the mixture, a black, very viscous
melt was obtained, becoming a very shiny, hard, black mass. The
benzylideneaniline collected, 2.92 g, was identified by its melting
point (54°C) and its infrared spectra. At the end of the reaction, the
apparatus was allowed to cool to room temperature and the polymer
isolated as a solid button. It weighed 2.26 g, yield 109.7%.

The 109.7% yield was calculated by comparing the 2.26 g of
polymer yield with a weight of 2.06 g as the reference point for a
100% yield. The reference point selected was based on a yield in
which n =« in the polymer, =fHCC,H,CH=NCsH N3, in which
case end groups would make only a very minor contribution to yield
weight. When the end groups are included in calculations involv-
ing finite values of n, CsH;N=FHCC:H,CH=NC:H ,N3zHCC¢Hj;,
the calculated yield varies with the value of n. In this case, the 2.26
g yield of polymer, when the end groups are included in the struc-
ture, would represent a 109.6% yield if n = 1000; 109.3% if n = 100
and 108.5% if n = 50 and 102.4% if n = 10. These calculations as-
sumed that all the benzylideneaniline produced in the reaction has
been eliminated from the mass. Table 7 lists the polymers prepared
by the bis-exchange method, in which the Z linkage was varied.
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TABLE 7
=fN—Z—N=HCC;H,CHZ; Polymers Prepared by Bis Exchange

N, %
Polymer Yield, Solubility _—
no. Z group Pt Color in H,S0, Caled. Found
1-B-H400 @ 1097 Black Insoluble 1350 13.46
2-B-H400 1064  Black Insoluble 9.93 9.80
3-B-H400 @CH,@ 105.4 Black Insoluble 9.45 9.31

4-B-H400 —@O@ 110.0 Black Insoluble 9.40 9,26
5-B-H400 —@—NH—@— 1074 Black Insoluble 9.42 9.29
6-B-H400 ‘@S—@ 106.2 Black Insoluble 8.92 8.82
7-B-H400 @502@ 1049 Black Insoluble 8.09 797
8-B-H400 —@ﬂcm)ﬁ@— 1063 Black Insoluble 8.96 8.14
9-B-H400 @—cn:nc@— 071 Black Insoluble 9.09 891

CH,
10-B-H400 ‘@SO @ 105.0 Black Insoluble 8.06 7.93
£

11-B-H250 —(CH,),— 79.8 Orange Soluble 15.05 15.00
12-B-H250 —(CHz)e— 102.2 Orange Soluble 13.08 13.02

2 Calculated on the basis of EN—Z—N=HCC;H,CH3z as 100%.

The suffix H400 after the polymer number indicates that the maxi-
mum temperature used in their preparation was 400°C. All the con-
jugated and pseudoconjugated polymers were insoluble in concen-
trated sulfuric acid but could be solubilized in benzylideneaniline
by heating at 310°C in the presence of catalytic quantities of zinc
chloride or sulfuric acid.

2. Preliminary experiments showed that the conditions used for
the preparation of the conjugated and pseudoconjugated polymers
were unsuited for the preparation of the aliphatic bridged polymers
11 and 12, =fN(CH,),N=HCC¢H,CH35, because of their insta-
bility at the temperatures used. The selected, modified conditions
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under which these aliphatic type polymers were prepared are listed
in Table 8.

3. A mixture of 2.84 g (0.01 mole) p-xylylidenedianil and 2.84 g
(0.01 mole) of N,N’'-bisbenzylidene-p-phenylenediamine were
reacted under the selected standardized conditions followed by
10 hr at 450°C, and there was recovered 3.2 g of distillate, identified
by infrared spectrum as benzylideneaniline, and 2.4 g of black,
tough polymer 1-B-H450. The total weight of product isolated was
5.6 g, 98.62%.

Analysis: Caled.: First analysis: C, 75.20%; H, 4.74%; N, 6.80%;
3, of elements, 86.94%
Second analysis: C, 81.55%; H, 4.66%; N, 9.49%; 3, of
elements, 95.80%
Third analysis: C, ---; H, -—-; N, 13.51%
Caled. for =fNCH N=CHC:H ,CH}=: C, 81.53%; H,
4.88%; N, 13.59%

4. A mixture of 2.84 g (0.01 mole) of p-xylylidenedianil and 2.84
g (0.01 mole) of N,N'-bisbenzylidene-p-phenylenediamine were
mixed in the reactor tube equipped with a nitrogen capillary inlet
supported by a Teflon adapter and evacuated to 0.1 mm and re-
pressured to atmospheric pressure with dry-deoxygenated nitrogen.
The degassing was repeated two additional times; a 500-ml balloon
filled with nitrogen was attached to the nitrogen inlet tube and the
reactor tube inserted into the metal heat sink previously heated to
325°C. When the mixture melted, it was shaken vigorously and a
clear homogeneous mixture resulted. The reaction was then al-
lowed to continue under a static head of nitrogen at atmospheric
pressure, during which time benzylideneaniline refluxed from the
mixture and a black viscous solution formed. At the end of 2 hr, a

TABLE 8

Reaction Conditions

Time, Temp., Pressure,
hr °C mm Hg
2 150 760
10 200 760

10 250 1
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distillation adapter with side arm, etc., was attached to the reactor
and a slow stream of nitrogen allowed to flow over the melt slowly,
distilling out the benzylideneaniline. As the benzylideneaniline
was removed, the viscosity of the melt increased. When the melt
appeared to be very viscous but still exhibited flow, sample 1-B-
H325-A was withdrawn; then the reaction was continued until the
melt appeared to lose its flow and become solid, and sample 1-B-
H325-B was taken, at which time 2.59 g of benzylideneaniline had
been collected. Samples A and B were soluble in concentrated
sulfuric acid. The intrinsic viscosities at 25°C in 96.1% sulfuric
acid were 0.511 for sample A and 0.824 for sample B.

5. Six separate mixtures of 1.00 g of N,N’-bis(4-chlorobenzyli-
dene)-p-phenylenediamine and 1.00 g of p-xylylidene-di-4-chloro-
anil were reacted at 300°C under nitrogen by procedures given
above under the following condition and the by-product p-chloro-
benzylidene-p-chloroaniline and the polymers collected:

Polymer 14C-1: 3 min at 760 mm Hg pressure
14C-2: 120 min at 760 mm Hg pressure
14C-3: 180 min at 760 mm Hg pressure
14C-4: 360 min at 760 mm Hg pressure
14C-5: 300 min at 760 mm Hg pressure

180 min at 1.5 mm Hg pressure
14C-6: 180 min at 760 mm Hg pressure
1440 min at 1.5 mm Hg pressure

Elemental analyses were performed on the polymers and the
ultraviolet spectra recorded of those samples which were soluble
in dimethylacetamide.

A finely ground sample, 0.1189 g of polymer 14C-5, was added to
10 ml (18.4 g) of concentrated sulfuric acid and the mixture main-
tained at 25°C for 70 hr. Then the polymer was removed by filtra-
tion, washed with water until neutral, and dried to constant weight;
the weight loss was 0.0207 g (17.4%). When the extraction was re-
peated at 60°C for 24 hr, the weight loss was 0.02604 g (21.9%). The
filtrate possessed the greenish-yellow color similar to that of a
reference solution of p-chlorobenzylidene-p-chloroaniline in con-
centrated sulfuric acid. When the dried sample was reextracted
with concentrated sulfuric acid at 120°C, an additional 0.0417 g
(35.1%) was extracted.
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By Exchange Reactions in Benzylideneaniline. 1. A mixture of 2.84
g (0.01 mole) of p-xylylidenedianil, 1.08 g (0.01 mole) of p-phenyl-
enediamine, and 3.62 g (0.02 mole) of benzylideneaniline was
mixed and reacted under nitrogen in a 10-ml microflask. The reac-
tion mixture was heated slowly; initial melting of the mixture was
observed at about 100°C and a completely homogeneous brown
solution was obtained at 160°C. The reaction was maintained at
160°C for 2 hr before slowly raising the temperature over a period
of 2 hr to 330°C. Distillation of aniline began at about 210°C and
continued to 330°C to yield aniline and benzylideneaniline. The
pressure of the system was then reduced to 0.4 mm Hg and distilla-
tion continued for 1 hr while heating the mass at 350°C. As distilla-
tion proceeded, the viscosity of the mixture increased and the color
of the reaction product changed from brown to black. The yield of
black infusible polymer, insoluble in sulfuric acid, was 2.14 g.

2. A mixture of 1.34 g (0.01 mole) of terephthaldehyde, 2.84 g
(0.01 mole) of N,N'bis-benzylidene-p-phenylenediamine, and 3.62
g (0.02 mole) of benzylideneaniline were reacted as in the preced-
ing experiment except that the mixture was maintained at 180°C for
3 hr before slowly raising the temperature of the reaction mass to
330°C. Benzaldehyde began to distill from the reaction mass at a
temperature of about 195°C. The yield of black, infusible polymer,
insoluble in sulfuric acid, was 1.96 g.

3. A mixture of 2.84 g (0.01 mole) of p-xylylidenedianil, 2.84 g
(0.01 mole) of N,N'-bis-benzylidene-p-phenylenediamine, and 1.95
g (0.0125 mole) of benzylideneaniline was placed in a 10-ml micro-
flask and refluxed at 300°C under a nitrogen atmosphere. The color
of the melt changed rapidly from a light yellow to a darker yellow;
no further color change occurred when the heating was extended
to 2 hr. Then the benzylideneaniline was removed slowly by distil-
lation at 150 mm Hg pressure over a period of 4 hr. As the benzyli-
deneaniline was removed, the color of the reaction mixture changed
to orange to red to brown to black. The yield of black polymer
1-BA-H300 was 1.38 g; it was slightly soluble in concentrated sul-
furic acid. Samples of the various colored polymers were withdrawn
at various times of reaction, from a duplicate experiment, and the
ultraviolet spectra recorded of those samples soluble in dimethyl-
acetamide.

One gram of polymer 1-BA-H300 was ground in a mortar and
pestle and reintroduced into the reaction tube, and the system
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degassed at 1 mm Hg pressure and repressured with nitrogen. The
degassing was repeated twice. Then the polymer was heated for
1 hr at 480°C under a slow stream of nitrogen and allowed to cool
to room temperature. There was recovered 0.960 g of black poly-
mer, 1-BA-H480, and, as a distillate, 0.026 g of benzylideneaniline
which was identified by its infrared spectrum.

Mass Spectral Analyses. Forty milligrams (0.040 g) of polymer 1-B
was placed in a special ignition-mass spectral tube and degassed
at 1 X 107® mm for 4 hr. The tube, made of quartz, was 20 cm long
and 2 cm in diameter and fitted with a vacuum stopcock to which
was attached a male standard-taper 12/30 ground-glass joint. After
degassing, the cock was sealed and the tube was inserted into the
copper block which had been preheated to 700°C, and the contents
heated at this temperature for 1 hr, then allowed to cool to room
temperature, The tube was then attached directly to the spectrom-
eter. The spectrum was recorded and the major peaks were located
at Mje =2, 78, 92, and 93. A small amount of yellow oil which col-
lected in the cooler portion of the ignition-mass spectral tube was
examined and determined by infrared spectroscopy to be primarily
benzylideneaniline containing a smaller quantity of aniline. The
weight of the polymer after heating was 0.036 g.

Postheating of Polymers. At 600°C. The H400 polymers (0.5 g) were
first ground to a fine powder in a mortar and pestle and then placed
in a quartz reaction tube similar to the reaction tubes used in the
melt polymerizations. The reaction tube was degassed at 0.5 mm,
then flushed with deoxygenated nitrogen; the degassing procedure
was repeated three times. Then the reaction tube was inserted into
the metal block, which had been preheated to 600°C, and the
polymers postheated in a deoxygenated nitrogen atmosphere at
600°C for 20 min. Volatile products were collected in the receiver
cooled by an acetone-dry ice mixture. The suffix H600 after the
polymer number indicates that the polymer had been postheated
to 600°C.

To 1176°C. The H400 polymers were first ground to a fine powder
in a stainless-steel grinding capsule, and the 10-mg samples were
placed in the cell of the Model 950 thermogravimetric analyzer.
The samples were heated at a rate of 15°/min under a stream of
deoxygenated nitrogen gas at a flow rate of 1 standard liter/min,
from room temperature to a recorded 1200°C temperature which,
when corrected for the nonlinearity of the Chromel-Alume] thermo-
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couple, was 1176°C. The suffix H1176 after the polymer designa-
tion indicates that the polymer has been postheated to 1176°C.
When both H600 and H1176 are used as suffixes, it indicates that
the polymer was first heated at 600°C. then at 1176°C.

Spectral Analyses. 1. The infrared spectra were recorded on a
Perkin-Elmer Model 137 infrared spectrophotometer using stan-
dard solution and mull techniques. A Perkin-Elmer Model 421
grating spectrophotometer was used to examine those samples pre-
pared as potassium bromide discs.

2. The ultraviolet spectra were recorded on a Bausch and Lomb
Spectronic Model 505, using solutions of the polymers in di-
methylacetamide.

3. Mass spectral analyses were performed on a Consolidated
Engineering Corporation Model 21-103A mass spectrophotometer.

4. Electron paramagnetic resonance spectra were obtained
through the use of a Varian Model V-4500 electron paramagnetic
resonance spectrometer.

Thermogravimetric Analyses. All thermogravimetric determina-
tions and differential thermal analyses were performed on a du Pont
Model 900 differential thermal analyzer in conjunction with a
du Pont Model 950 thermogravimetric analyzer. The polymers were
first ground in a stainless-steel vibrating grinding capsule to a fine
powder whose particle size averaged about 50 pieces per milligram.
Then a 10-mg sample of the ground polymer was placed in the cell
of the Model 950 thermogravimetric analyzer. The samples were
heated at a rate of 15°C/min in a dry nitrogen stream or in air at a
gas flow rate of 1 standard liter/min, to a recorded 1200°C tempera-
ture, which, when corrected for the nonlinearity of the Chromel-
Alumel thermocouple, was 1176°C.

Elemental Analyses. Elemental analyses on the monomers and
polymers were performed by the Midwest Microlab, Indianapolis,
Indiana; Schwarzkopf Microanalytical Laboratory, Woodside, New
York; and by Micro-Analysis, Inc., Wilmington, Delaware.

DISCUSSION AND RESULTS

Solution Polymerizations

The reactions of the various diamines Z{NH,),, with CgH,(CHO),,
in the usual organic solvents, yielded products with varying
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backbone structures; the colors of these condensation products de-
pended on the degree of conjugation and on the extent of conden-
sation. The colors of the conjugated and pseudoconjugated prod-
ucts, 1-Y to 10-Y, were yellow or near yellow, such as orange-yellow
or greenish yellow; this indicated their oligomeric, low molecular
weight character. In contrast, the nonconjugated products, 11-Y and
12-Y, in which Z is aliphatic 4CHj};, were white in color, while
the color of product 8-Y, in which Z is —CsH,(CH,),CsH—, was
cream-yellow, indicating a close relationship to the aliphatic-type
polymers while still retaining considerable aromatic character.
The degree of polymerization, n, for polymers 11-Y and 12-Y was
approximately twice that of polymers 1-Y to 10-Y; this is explained
on the basis that the condensation reactions in 11-Y and 12-Y pro-
ceed under conditions of a homogeneous solution, while in the case
of 1-Y to 10-Y, the growing chains were insoluble in the medium
and precipitated at an early stage of reaction, thereby retarding
further chain growth. Further support for this assumption was
found in the observation that extended heating of the isolated dry
1-Y to 10-Y polymers at 250°C did not result in noticeable increases
in chain length.

The continuous azeotrapic method appeared, when the reaction
time was extended for periods as long as 20 hr, to yield oligomeric
products of slightly higher molecular weight, 7i =4, than the regu-
lar solution method, which yielded oligomers in which 7 =2.
These aligomers, although insoluble in such common solvents as
ethyl alcohol, benzene, toluene, dimethylformamide, dimethyl-
acetamide, etc.,, were soluble in formic acid, acetic acid, acetic
anhydride, saturated aqueous sodium bisulfite, and sulfuric acid.
However, these solutions were not true solutions of the polymers
but solutions of derivatives, as was evidenced by a number of
changes in the polymers. When a yellow oligomer was dissolved
in the bisulfite solution, the brilliant yellow color disappeared; the
solution became colorless and remained colorless even after acidifi-
cation with sulfuric acid. Obviously, conjugation was either lost
or sufficiently decreased or interrupted, thereby destroying the
chromophores. The addition of bisulfite to monomeric Schiff bases
has been reported (39—45) to yield sulfonic derivatives,

ArCH=NAr + NaHSO; = ArCH—NHAr (4)
O:Nﬂ
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The infrared spectrum of the bisulfite addition product of the
polymer, 1-Y, showed the loss of the —C=N— band at 1612 cm™.
The solubility of the yellow polymers in formic acid, acetic an-
hydride, and sulfuric acid can also be attributed to derivative
formation.

In the Wallach reaction (46) of an aldehyde with an amine in
formic acid, a Schiff base is obtained (47) as an intermediate, which
then is reduced by formic acid, to yield (48,49) a substituted amine:

ArCH=NAr + HCOOH — ArCHNHAr — ArCH,NHAr + CO, (5)
HCO

When the yellow polymer was dissolved in formic acid, the yellow
color and the infrared adsorption band at 1612 cm™ disappeared,
indicating that a similar reaction had occurred. Acetic acid is not a
reducing agent and reduction to the substituted amine did not
occur; it was a poorer solvent than formic acid, and in the absence
of sulfuric acid causes only a slight reduction in color as the con-
sequence of incomplete acylation. Solubilization in acetic anhy-
dride can also be attributed to derivative formation, since mono-
meric Schiff bases react with it (50,51):

ArCH=NAr + (CH,C0),0 - ArCH—NAr (6)
CH,CO0 OCCH,

The dissolution of the yellow polymer in sulfuric acid is attributed
to salt formation which is more stable than the free base (52):

ArCH=NAr+#H,S0O, — ArCH=NAr-4H,SO, (7

The intrinsic viscosities of the yellow polymers were readily
measured in concentrated sulfuric acid. The solutions of the poly-
mers in sulfuric acid were yellow at first, and on standing gradually
became darker in color. This was due to the continued intermolecu-
lar condensation between terminal —NH, and ——CHO groups of
the oligomers. The intrinsic viscosity at 25°C for 1-Y in 95.3% sul-
furic acid, when measured within 10 min after it was placed in
solution, was approximately 0.05, dl/g at 25°C, and on standing for
48 hr it became 0.16. This same behavior was observed when
p-phenylenediamine and terephthaldehyde were condensed
directly in concentrated sulfuric acid. When these reactants were
added to 95.3% sulfuric acid, a yellow solution of the polymer, of
intrinsic viscosity 0.06, was obtained. During the course of 5 days
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the color of the sulfuric acid solution, which was allowed to stand
at room temperature, changed gradually and progressively to dark
yellow to yellow-brown to dark brown. The intrinsic viscosity of
the polymer at the soluble dark-brown stage was 0.36. After 8 days
of standing at room temperature, some dark-brown polymer pre-
cipitated from the reaction mixture; it was isolated and found to be
soluble in 95.3% sulfuric acid and had an intrinsic viscosity of 0.41
at 25°C.

The failure of the diamine-dialdehyde condensations in solution
to produce black polymers led to investigating alternative syntheses
using exchange reactions. The aldehyde exchange reaction of Eq.
(1), the amine exchange reaction of Eq. (2) and the bis exchange
reaction of Eq. (3) were first evaluated in common organic solvents
such as benzene, toluene, tetralin, dimethylacetamide, etc., and
the expected reactions failed to occur. However, when the reaction
was catalyzed by p-toluenesulfonic acid or zinc chloride, yellow
polymers were obtained from those systems containing the lower
boiling solvents, such as benzene (b.p. 80.1°C) and orange poly-
mers in those systems containing the higher boiling solvents, such
as in tetralin (b.p. 207.2°C). These results appear to lend some sub-
stance to the conclusion that solubility seems to be a factor that
exerts at least some control on the molecular weight of the polymer
in solution polymerizations to the extent that chain extension is
effectively restricted by the insolubility of the polymer in the
solvent-polymer system. This appears to explain why black poly-
mers were not obtained in exchange reactions even when higher
boiling solvents were used. Thus, since the low molecular weight
polymer is only slightly soluble in boiling tetralin, only a minor,
not a major, increase in molecular weight was obtained when the
higher boiling tetralin was used instead of benzene or toluene as
the reaction medium.

The oligomers obtained by bis-Schiff base exchange reactions in
solution differed significantly, however, from the low molecular
weight polymers produced from the diamines and dialdehydes in
solution. When these polymers were heated to 250-300°C, they
melted first, then underwent changes in color and could be con-
verted to dark, higher molecular weight products by continued
heating at higher temperatures. In contrast, the yellow oligomers
prepared from the diamine and dialdehydes in solution, such as
1-Y to 10-Y, did not melt or react significantly when heated to
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300°C, and the heated products were not black but retained their
yellow color.

The bis-Schiff base exchange polymerizations were shown to
occur even at low temperatures when catalyzed by zinc chloride
or toluenesulfonic acid. The facility with which this reaction pro-
ceeds is surprising, as is the property of the resulting oligomers of
being capable of being polymerized further to black polymers. Bis-
Schiff base exchange solution polymers, then, yielded low molecu-
lar weight polymers with reactive end groups derived from the
reactants, which could end-couple, when melted, to yield higher
molecular weight products.

In general, it may be concluded that the ordinary solution
methods are not suited for the direct preparation of high molecular
weight polymeric Schiff bases either from aromatic diamines and
dialdehydes or from their appropriate derivatives amenable to
exchange reactions.

Melt Polymerizations

To ascertain whether or not the syntheses of black polymeric
Schiff bases could ever be achieved by any method, an equimolar
mixture of p-phenylenediamine and terephthaldehyde was heated
in the absence of solvent. When heated slowly, the mixture became
pasty and did not form a clear melt. Continued condensation at
300°C produced a brown, porous polymer which was soluble in
formic acid and had an intrinsic viscosity of 0.16 in sulfuric acid at
25°C. In contrast, when the mixture of these reagents was heated
very rapidly, it formed a fluid melt at about 160°C, changing in
color within a few minutes from yellow to orange to brown to black.
Continued heating at 260°C for 1 hr produced a black, spongy poly-
mer which was insoluble in benzylideneaniline and in formic and
sulfuric acids; it did not melt in a nitrogen atmosphere at tempera-
tures up to 1000°C. However, when the polymer was heated for
extended periods of time in refluxing benzylideneaniline (b.p.
310°C), a homogeneous black solution was obtained.

Similar behaviors were observed when the amine exchange
polymerizations were conducted as melt reactions. Black polymers
were obtained only when the mixture was heated rapidly, and in
this regard the amine exchange appears to be almost as rapid as the
diamine-dialdehyde melt reaction. These reactions appear to be
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accelerated at the temperatures used by the presence of amine
structures. This assumption is based on the fact that the aldehyde
exchange reaction was much more moderated than the amine ex-
change reaction, producing the more extended, highly conjugated
red-brown polymers, which were also soluble in formic and sulfuric
acids. The aldehyde exchange reaction was highly accelerated,
also, by the addition of catalytic amounts of zinc chloride.

The bis exchange polymerization reaction was found to be the
most highly moderated and best controlled reaction among those
reported in this study. It proceeded in the absence of additives but
was accelerated by Lewis acid-type catalysts.

The bis-Schiff base exchange reaction differed from the amine
and aldehyde exchanges in that benzylideneaniline was eliminated
as the by-product of the reaction, whereas aniline and benzalde-
hyde, respectively, were eliminated in the first two reactions. Since
benzylideneaniline is a monomeric Schiff base, which is physically
and chemically related to the resulting polymer, it could be pre-
sumed that it was acting as a solvent in the reaction. The function
of the benzylideneaniline appeared to be that of a solvent, which,
by solvating the growing polymer chains, retained the growing
chains in solution, thereby enabling them to propagate to higher
molecular weights. This assumption, in addition to the fact that all
the solution polymers, as well as the melt fusion polymer I-RP,
could be dissolved in benzylideneaniline, led to its evaluation as a
solvent for the amine and the aldehyde exchange reactions. It was
also recognized that the effect of benzylideneaniline might not be
due solely or entirely to its solvent properties. In systems contain-
ing free —NH,; or —CHO moieties, benzylideneaniline could, at
the temperature used, function as a reactant (31) as well as a
solvent.

The amine and aldehyde exchange reactions were found to be
well moderated and controlled when performed in benzylidene-
aniline; these reactions yielded black polymers free of terminal
amine and aldehyde structures but they did contain terminal
CgHsN= and C¢H;CH= groups, respectively, as a result of ex-
change reactions with the benzylideneaniline. Thus these reac-
tions in benzylideneaniline became equivalent or identical to a
bis-Schiff base exchange reaction. That such exchange reactions did
occur was established in the following way. When the low molecu-
lar weight solution polymers, such as 1-Y, or the melt amine ex-
change or aldehyde exchange polymers were dissolved and heated
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(83) in p-CICeHN=CHC:H,Cl-p or FCgH N=CHC,H,F, terminal
end groups, XCgH,—, were found in polymers isolated from the
reaction. The observations made on the reactions, in which benzyli-
deneaniline was involved, led to alternative methods of syntheses
which are the subject of a separate communication (54). Accord-
ingly, the bis exchange reaction was selected as the preferred
method of synthesis, and the polymers so prepared were compared
with comparable polymers made by solution techniques.

The bis exchange reaction of Eq. (3) was shown to be an equilib-
rium reaction. When equivalent quantities of two complementary
Schiff bases were reacted and the by-product, benzylideneaniline,
retained in the reaction mixture, the color of the mixture changed
gradually from an initial yellow to a very dark brown or black, and
the mixture remained fluid at the reaction temperature until the
by-product, benzylideneaniline, was removed. When the same
polymerization was performed in the presence of benzylidene-
aniline, initially added to the mixture, the reaction advanced to
the yellow-colored condensation stage and the color remained
unchanged on extended reaction, even at 300°C, until the benzyli-
deneaniline was removed by distillation. As the benzylidene-
aniline was removed, the color of the reaction product darkened
eventually, leaving a solid black polymer. A similar behavior was
observed for the polymers prepared by the amine and the aldehyde
exchanges performed in benzylideneaniline. After the solid black
polymer was reached, further heating converted the brittle polymer
to a tough polymer by continued polymerization in the solid state.
Throughout the course of these polymerizations, the reaction mix-
ture remained homogeneous; the end groups on the polymer ap-
peared to play some role in maintaining this homogeneity. This was
evident when the complementary monomer pairs used (53) con-
tained halogen substitution in their terminal structure:

n p-ClCH ,N=HCC;H ,CH=NC.H,Cl-p
+ n p-C1C4H,CH=NC,H,N—=HCCH,Cl-p =
p-CIH,C,N=FHCC:H ,CH=NC,H ,N}zHCCH,Cl-p
+ np-CICGH~NCH,Cl-p (8)

n p-FC,H ,N=HCC-H,CH=NCH,F-p + n p-FC;H,CH=NCH N=HCC H,F-p —
p-FCeH N=fHCCsH ,CH=NCH N$zHCC.H,F-p + n p-FC;H,CH=NC,H,F-p (9)

nF;CeN=HCCH ,CH=NCH; + nF;C{CH=NC¢H N=HCC.H,—
F;CeN=fHCCH ,CH=NCH ,N}zHCCsH, + nF,C,CH=NCF; (10)

The p-Cl and p-F terminally substituted polymers were much more
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soluble in XC;H,CH=NCH X than their unsubstituted counter-
parts were in CqH{CH=NC4Hy; and the pentafluoro terminally
substituted polymers were even more soluble in F{CCH==NC,F';
than the corresponding monofluoro-substituted polymers were in
FCH,CH=NC,HF.

Infrared Spectral Studies

Infrared absorption spectroscopy was used to elucidate the struc-
ture of the polymers. Prominent bands were assigned by studying
the spectra of model compounds and of the low molecular weight
polymers. The region of 3380 cm™ was assigned to the aromatic
—NH; group on the basis of the spectra of aniline, p-phenylene-
diamine, m-phenylenediamine, and p,p’-diaminodiphenyl oxide.
The band at 1700 cm™ was assigned to the —CHO function from
the spectra of benzaldehyde, terephthaldehyde, and p-methoxy-
benzaldehyde.

The carbon-nitrogen double-bond stretching absorption is usu-
ally placed at about 1630 cm™ in various azomethine compounds
(55). This bond was found to absorb at 1628 cm™ in benzylidene-
aniline (Fig. 1), shifting to 1615 cm™, in N,N’-bisbenzylidene-p-
phenylenediamine (Fig. 2), to 1614 cm™ in p-xylylidenedianil
(Fig. 3), and to 1612 cm™ in the yellow solution polymer, 1-Y (Fig.
4), and to 1597 cm™ in the black bis exchange polymer, 1-B (Fig. 5).

In the fingerprint region, two bands corresponding to 1,4 aro-
matic disubstitution were found at 1006 cm™ and 825 cm™. Mono-
substituted aromatic absorptions occur at 755 cm™ and 690 cm™
and are observed in Fig. 5 but not in Fig. 4. This difference is at-
tributed to phenyl end groups of C¢Hy— in the polymer which exist
as a result of the bis exchange reaction. The characteristic bands in
the two regions of 1500 cm™ to 1600 cm™ and in the fingerprint
region of 1000 cm™ to 600 cm™ were particularly useful in charac-
terizing the polymers and were observed in all the conjugated and
pseudoconjugated polymers prepared.

Postheating

The Schiff base polymers, synthesized under the selected stan-
dardized polymerization conditions, were condensed to a maximum
temperature of 400°C. Preliminary thermogravimetric analyses in
nitrogen of 1-B which had been condensed to 400°C indicated that
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although the polymer exhibited good thermal stability, the thermo-
gram showed a definite weight loss, which began at about 600°C
and leveled off at about 800°C. Since benzylidene was identified
as the elimination product, the weight loss was attributed to con-
tinued polycondensation. The incompleteness of the precondensa-
tion was verified by collecting a larger amount of benzylidene-
aniline when 1-B was resynthesized and condensed directly to a
temperature of 480°C instead of 400°C. The thermogram of this
480°C polymer also showed a weight loss which began at about
600°C, which also leveled off at about 800°C, but the weight loss
was much less than found for the polymer prepared at 400°C. The
infrared spectra of both of these polymers were substantially identi-
cal, except that the bands decreased in intensity and broadened,
as would be expected if chain-end coupling had occurred and led
to an extension of chain length. These observations suggested that
an evaluation should be made of polymers which had been pre-
pared to condensation temperatures in the region of 600°C as well
as to some temperature in excess of 800°C, preferably in the region
1000 to 1200°C. These were designated H400, H600, and H1200
polymers.

To minimize the introduction, on the synthesis, of unpredictable
variables, such as result from differences in stoichiometry that can
occur in weighing, control of inert atmosphere, heating rates, etc.,
if the H400, H600, and H1200 polymers were performed in three
separate syntheses, the H400 polymers were synthesized first; then
aliquot parts of this polymer were subjected to postheating to the
desired temperature. The postheatings to 600°C were performed
for 20 min in quartz reactor tubes similar in design, dimensions, and
accessories to those used in the 400°C polymerization. Additional
quantities of benzylideneaniline were collected during the 600°C
heating. The apparatus used for postheating the polymers to 600°C
was not suitable for postheating the polymers to higher tempera-
tures. The du Pont Model 950 thermogravimetric apparatus was
used for this purpose by placing the polymer sample on the plati-
num pan of the thermogravimetric analysis cell at room tempera-
ture, and heating the polymer under a slow stream of deoxygenated
nitrogen to the desired temperature. The furnace and the sample
were allowed to cool to room temperature in the nitrogen atmo-
sphere before the sample was removed.

The infrared spectra of a series of polymer samples, 1-B-H400,
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postheated to 600, 700, 800, 1000, and 1200°C show that the bands
generally broadened and decreased in intensity as the polymers
were subjected to increasingly higher temperatures. After heating
to 800°C, the bands are only poorly distinguishable from instru-
ment background noise. The infrared spectra of polymers 1-B-H600
and 1-B-H700 are shown in Figs. 6 and 7, respectively. The spec-
trum of the 1-B-H700 polymer showed no shift in the positions of
the carbon-nitrogen double-bond absorption. Substantial differ-
ences, however, were found in the fingerprint region of the spec-
trum of the 1-B-H700 polymer; the bands at 690 cm™! and 1006 cm™
decreased in intensity, the band at 750 cm™ increased in intensity,
the band at 825 cm™ remained at about the same intensity, and a
new band appeared at 875 cm™.

That some structural changes, in addition to further chain-end
coupling, occurred as the polymer was heated to higher tempera-
tures was evidenced by these changes in spectra. The decrease in
the intensity of the 690 cm™ band, assigned to monosubstituted
aromatic absorption, was interpreted as showing a decrease in the
concentration of end groups due to continuing chain-end coupling.
Bands in the 750 cm™ region have been assigned also to absorp-
tions other than monosubstituted aromatic-type absorption. Bands
in this region have also been observed for substituted benzan-
threnes and other polynuclear compounds having 1,2,4-type aro-
matic substitution and for aromatic compounds having ortho 1,2-
type aromatic substitution (56). Also, the bands absorbing in the
region of 825 cm™, assigned to 1,4-type aromatic substitution, have
also been assigned to a 1,2,4- or to a 1,2,3,4-type aromatic substitu-
tion and are generally ascribed to polynuclear-type compounds
(57,58).

The spectral data gave evidence, then, that the black H400 poly-
mers underwent further condensation and chain propagation when
heated at higher temperatures, and that these polymers retained
their Schiff base structure as written, for example, fN—Z—N=
HC—C¢H,—CH3, up to about 600°C, while at a temperature of
about 700°C other processes began to occur. The bands in the spec-
tra obtained of the polymers postheated to 800°C or higher tempera-
ture were broadened and uninterpretable; it was most probable that
not only has the molecular weight increased further as a result of
end-chain coupling, but that the changes in the Schiff base struc-
ture, which were initiated at the lower temperature, were also
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intensified. In an attempt to identify these structural changes, a
mass spectral analysis was made of the products obtained after
heating polymer 1-B-H400 to 700°C for 1 hr. Small amounts of
benzylideneaniline and aniline were identified as sublimates in
the reaction tube. Mass spectral analysis of the gases showed major
peaks at M/e =2, 92, and 93 corresponding to H;, CgHsCH;, and
CeH;NH,. Pyl had shown (59) that when benzylideneaniline was
heated in an iron tube at 800°C, phenanthridine and hydrogen

were obtained:
CgH;CH=NC;H; — ©© +H, (1

It had been reported (60) also that benzylideneaniline in solution
was converted by ultraviolet light to phenanthridine, and, in addi-
tion, part of the benzylideneaniline was reduced to benzylaniline,
CsH;CH,NHCgH;. The M/e of 2 found in our spectrum of the prod-
ucts is readily explained by these reactions, as are toluene and ani-
line, which result from the reductive hydrogenation of benzyli-
deneaniline by hydrogen. Values corresponding to M/e of 171 for
benzylideneaniline, 183 for benzylaniline, and 178 for phenanthri-
dine were not detected in the spectrum, but at higher ionization
potentials, the fragments, of toluene—benzene, Mje="78 and
benzyl, M/e = 91—were observed in the spectra. These data and
infrared evidence indicated that chain scission was not significant
either during polymerization or postheating at relatively high tem-
peratures, but that changes did occur, yielding new structures
containing, most probably, 1,2,4- and 1,2,3,4-type substitutions.

It was considered that the changes in the spectra may have been
due to the retention by the polymer of phenanthridine generated
from the liberated benzylideneaniline, but at temperatures of
higher than 600°C and at high rates of flow of the sweep gas over
the finely divided polymer, the amount retained would be expected
to be small indeed. Accordingly, by an analogy to the conversion of
benzylideneaniline to phenanthridine, segments of the Schiff base
polymer apparently condensed to produce some aromatic carbo-
cyclic-heterocyclic structures in the polymer which are either phen-
anthridines [Eq. (12a)] or derived phenanthrolines [Eq. (12b)]:



11: 38 25 January 2011

Downl oaded At:

POLYMERIC SCHIFF BASES. | 1207

=FHCCoH,CH=NCH N} or

+H2

(12b)

It seemed reasonable to assume that if carbocyclic-heterocyclic
structures were formed at 700°C, greater portions of the polymer
segments would also condense to a ladder-type structure as the
temperature was increased to even higher temperatures. The
process is an intramolecular one and Bruck (61) observed this type
of intramolecular rearrangement during the vacuum pyrolysis of
aromatic polypyromellitimides. The presence of hydrogen in the
mass spectrum led to the consideration of other processes which
could produce hydrogen.

The presence of hydrogen could be explained as arising from
processes, such as by the formation of cross-links by interaction
between chains, for example:

=EN~©—N=HC—©—CH§?

+ —_—

%N@N:H@CH#
=N @ N=H @ Hi=

+2H, (13)

=EN @ N=H @ CHE
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In addition, the phenanthradine-type structures could have been
the products of an intermolecular process involving Schiff base
segments of the polymer and a quantity of retained or liberated
benzylideneaniline, which, in the H600 polymers, is small indeed.
Intra- and interreactions of this kind which show carbocyclic-
heterocyclic structures either as part of the linear chain or as
branches appended to the linear chain or as cross-links between
chains can all be written as alternative structures; but such inter-
pretations would be unprecise, because an unequivocal selection
could not be made from the broadened bands present in their in-
frared spectra, The insolubility of these polymers, even in benzyli-
deneaniline-ZnCl, mixtures, precluded depolymerizing them and
investigating the depolymerized polymers. The intermolecular
coupling of AA-type chain ends would also be considered as an-
other source of hydrogen, involving the formation of a biphenyl
linkage by analogy to the synthesis of biphenyl from benzene:

2CH;CH=NC,H,N=HCCH,CH}NC:H,—
CeHs;CH=ENCH,N=HCC¢H ,CH35 NC:H,C.H ,N=FHCC;H,CH=NC:H,N3zH,C, + H,
(14)

If this reaction were the sole reaction, the resulting polymer
would be capable of being “redissolved” in benzylideneaniline—
ZnCl, systems by a depolymerization mechanism. The fact that all
these polymers are “insoluble” in ZnCl,~-benzylideneaniline tends
to eliminate biphenyl formation as the dominating reaction and
lends some substance to the conclusion that the major mechanism
was an intramolecular formation of carbocyclic-heterocyelic struc-
tures. The thermal stability of the resulting polymers lent addi-
tional support to this conclusion.

The thermal stabilities of the linearly fused aromatic carbo-
cyclics, the polyacenes,

and the laterally fused carbocyclics, the polyphenes,

OOO
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are higher (62) than the linear, unfused carbocyclics. The same
thermal stability relationship exists (63) in their heterocyclic nitro-
gen analogues. It has been predicted (63) that the thermal stability
of the high molecular weight polyacenes; polyphenes, and their
nitrogen analogues would appraoch the thermal stability of gra-
phitic structures. The very marked difference in the thermal stabil-
ities in nitrogen and in air of the H400, H600, and H1000 Schiff
base polymers offers indirect evidence that the final structures in
these polymers, when heated above 600°C, are those of polyphene
analogues.

Thermogravimetric Analyses

The du Pont Model 950 thermogravimetric analyzer, in conjunc-
tion with a du Pont Model 900 differential thermal analyzer, was
used to determine the thermal stabilities of the polymers. All
measurements were standardized at a heating rate of 15°C/min in
nitrogen and in air at a gas flow rate of 1 standard liter/min. A tem-
perature correction was made in the measurements for the non-
linearity of the thermocouples. A sample weight of 10 mg which
had been ground to about 50 particles per milligram was used for
the measurements. A separate thermoanalytical study, in which
particle size, heating rate, gas flow rate, the nature of the gas, and
other parameters were evaluated, will be reported separately (64).

The studies reported here consisted in performing thermo-
analyses in nitrogen and in air on a sufficient number of polymer
samples so that their thermal stabilities could be related to the fol-
lowing experimental parameters:

1. The degree of polymerization as evidenced by the yellow
color of the Y series of solution polymers and by the black color
of the B-H400 series of Schiff base polymers synthesized by the
bis exchange method.

2. The nature and extent of conjugation by comparing the poly-
mers containing the aliphatic Z groups, 4CH;}3, with those con-
taining the various conjugated and pseudoconjugated aromatic
Z groups.

3. The maximum final temperature of condensation by compar-
ing the black polymers of the B-H400 series polymers with those of
the B-H600 series and the B-H1176 series.

Table 9 summarizes the thermogravimetric data obtained when
the polymers 1-Y to 10-Y and the black 1-B-H400 to 10-B-H400 poly-
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mers were heated in nitrogen to the limit of the apparatus, 1176°C.
It also contrasts the behavior of the aliphatic polymers, 11-Y and
12-Y, prepared in solution, with the corresponding 11-B and 12-B
polymers prepared by bis exchange reactions. The data obtained
from these numerous thermograms have been consolidated and
are shown in Figs. 8 to 10. Figure 8 shows the range of thermal
stabilities in nitrogen found for polymers 1-B-H400 to 10-B-H400;
the dotted line in the figure is the value found for the black polymer
1-B-RP-H400 prepared by the rapid heating of p-phenylenediamine
and terephthaldehyde. The comparable consolidated thermogram
for the polymers 1-Y to 10-Y inclusive is given in Fig. 9 and for
polymers 11-B, 12-B, 11-Y, and 12-Y is given in Fig. 10.

Table 10 summarizes the thermogravimetric data when polymers
1-B-H400 to 10-B-H400, 11-B, 12-B, and 1-Y to 12-Y are thermo-
analyzed in air instead of in nitrogen, and the consolidated thermo-
grams are given in Figs. 11 and 12. Since there was no substantial
difference in behavior of polymers 11-Y and 12-Y when heated in
nitrogen or in air, the thermograms for their thermoanalysis in air
have not been included and are identical to those shown for nitro-
gen in Fig, 10.

Table 11 summarizes the thermogravimetric data of three B-H600
polymers when heated in nitrogen and in air, respectively, and
their related thermograms are shown in Fig. 13.

Tables 12 and 13 summarize the data obtained when the B-H1176
polymers were heated in nitrogen and in air, respectively, for which
the consolidated thermograms are given in Fig. 14.

Figure 15 compares the behavior of 1-B-H1176 in nitrogen and
in air with that of pyrolytic graphite. The determination of whether
or not these polymers which have been postheated to 1176°C are
identical to graphite is treated in another communication (64).

A number of conclusions can be drawn from the thermogravi-
metric data given above. The data are best interpreted by (1) con-
trasting the data obtained from the Y series of polymers prepared in
solution with those obtained from the Y series synthesized by the
bisexchange technique and (2) comparing the data obtained from
the B-H400, B-H600, and B-H1176 series of polymers.

Contrast of the Thermal Properties of the Polymers 1-B-H400 to 10-B-
H400 and 11-B-H250 to 12-B-H250 with the Polymers 1-Y to 12-Y Series.

1. The data showed definitely that the condensations in the 1-B-
H400 to 10-B-H400 polymers were not completed when they were
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FIG. 13. Thermogravimetric analyses in nitrogen and in air of the B-H600
polymers.

performed to a maximum temperature of 400°C. When heated in
nitrogen, their by-product losses were much higher than those
which had been condensed to 600°C or higher.

2. The thermal stabilities in nitrogen and in air of the 1-B-H400
to 10-B-H400 polymers prepared by the melt bis exchange reaction
were much higher than the stabilities of the corresponding yellow
brick-dust, 1-Y to 10-Y, polymers prepared in solution.

3. The thermal stabilities in nitrogen and in air of the aliphatic-
type nonconjugated Schiff base polymers prepared either by the
melt bis exchange reaction (11-B and 12-B) or in solution (11-Y and
12-Y) were much lower than the conjugated and pseudoconjugated
polymeric Schiff bases.

4. The differences in the thermal stabilities of the aliphatic-type
Schiff base polymers prepared by melt Schiff base exchange (11-B
and 12-B) and by solution methods (11-Y and 12-Y) were small.
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TABLE 12
Per Cent Weight Losses of H-1176°C Polymers Heated in Nitrogen

Per cent

Polymer loss at

Polymer designation 1176°C
=€N—©—N=HC—©—CH§§ 1-B-HII76 2.8
={=NN=HC—©—CH# 2-B-H1176 26
=EN~©—CH,—©—N=HC—©—CH# 3B-HII76 2.4
=N @ 0 @ N=HC-©—CH§5= 4B.-H1176 3.0
4N—©—NH~©—N=HO—©—CH@-; 5.B-H1176 2.8

=EN—©—S—©—N= o-@-cna: 6-B-H1176 40

4N©—SO.—©—N=H0—©—CH;§ 7.B-HI176 44

#N—@—CH=HC—©>—N=HC—©—CH# 9-B-H1176 2.5
H.

=EN<©(:0,:©\N= u@—«cn&; 10-B-H1176 2.8

=[=N~©—N= 0—©—Cﬂﬁ 1-B-H600 H1176 2.4
@ O @ N=HC—©—CH§$ 4B-H600 H1176 2.5

N 50, N=HC—©—CH§; 10-B-H600 H1176 2.8

This contrasts with the data on the conjugated and pseudoconju-
gated Schiff base polymers and the difference was attributed to the
fact that the polymerization condensations of the aliphatic-type
polymers were homogeneous in both melt and solution systems,
whereas in the preparation of the conjugated and pseudoconjugated
polymers the condensations were homogeneous in the melt bis
exchange system and heterogeneous in the solution system.

5. The thermal stabilities of the aliphatic-type Schiff base poly-
mers, =fN—(CH,) ,—N=HC—C¢H,—~CH%} and =EN—(CH,)s—
N=HC—C;H,—CH#3s, were surprisingly good: of the order of
about 300°C in nitrogen and 250°C in air.
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Temperatures at Which Weight Loss Begins, Has Occurred to 20%, and
Is Complete When B-H1176 Polymers Are Heated in Air

Sample Sample
begins to 20% weight disap-
Polymer lose weight loss at pears
designation at°C °C at°C
1-B-H1176 510 365 800
2-B-H1176 520 650 800
e 0)-en- OO
3-B-H1176 450 590 660
Do DO
4-B-H1176 520 620 860
5-B-H1176 550 660 900
=§N@—s N=HC—©—C}H§
6-B-H1176 443 530 740
=§N—©—so, N=Ho—©—cmk
7-B-H1176 480 620 900
%N—@—CH%H—@»N=HC—©—CH#
9-B-H1176 530 630 820
CH,
N—@I :©N=Hc©-w
= 50, 3=
10-B-H1176 475 620 720
1-B-H600-H1176 600 660 1000
4-B-H600-H1176 545 642 935
CH,.
(O IO v (e
-+ 50, =
10-B-H600-H1176 500 630 860
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FIG. 14. Range of thermal stabilities for H1176 polymers in nitrogen and in
air compared to that of polymer 1-B-RP-400-H1176.

6. The thermal stabilities of the 1-B-H400 to 10-B-H400 poly-
mers in nitrogen below the inflection point were very good and
within the range 500-550°C.

7. The completely conjugated polymers, 1-B, 2-B, and 9-B,
showed the best overall thermal stability in nitrogen when judged
from the inflection point and total weight loss at 1000 and 1176°C.
At high temperatures the polymer containing the diphenyl moiety,
2-B-H400, showed less stability than would be expected. The
anomaly cannot be explained at this time.

8. The effect of thermal stability in nitrogen of the polymers
resulting from changes in conjugation of the polymers was not as
great as was expected, particularly in those polymers which were
pseudoconjugated, that is, in polymers of the structure, =EN—Ar—
X—Ar—N=HC—Ar—CH#, in which the conjugation was not com-
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pletely inhibited by the X bridge between the two benzene rings.

The pseudoconjugated polymers, in which the bridges were
_CHZ_y —GCH2+"4a —O—o _NH—'.» _S_s _SOZ—’ and

_ACHa

\502/

had thermogravimetric inflection points in nitrogen of the order of
25-60°C lower than those of the conjugated polymers; and their
weight losses in the range 600-1000°C were about 0-50% higher
than those of the conjugated polymers. The greatest loss at 1000°C
was shown by the polymer containing the —CH,— bridges be-
tween two benzene rings. The weight losses in nitrogen of the
pseudoconjugated polymer in increasing order of stability at 1000°C

100 in Nitr

{1 ~BiH1176
Pyrolyed
\ fa;:hyitec

(-3
94 11-DOIH ST r

sy o PP T

~
/l/
|

N

800 1000 1200

200 400 600

TEMPERATURE, °C
FIG. 15. Thermogravimetric analyses of polymer 1-B-H600-1176 and pyroly-
tic graphite in nitrogen and in air.
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for the various X bridges between the two benzene rings were
—~CHy)r, 61.6%; —CH;—, 37.6%; —S—, 30.0%; —NH—, 28.8%;

ACHa
, 28.6%

~ -~

SO,

and —SO,, 24.6%.

9. The thermogravimetric analytical data obtained on the
pseudoconjugated polymers, which had been prepared under arbi-
trarily selected polymerization conditions, indicated a good pos-
sibility that the thermal stabilities of these polymers in nitrogen
could be improved by modifying the polymerization conditions,
and thereby approximate those of the conjugated polymers.

10. When the conjugated and pseudoconjugated, polymers,
1-B to 10-B, were condensed to a maximum temperature of 400°C,
the thermal stabilities of the polymers in air were found to be in
the range 430-480°C. The highest stability of 480°C in air was
shown by conjugated, 1-B-H400 polymer, =EN—CsH,—N=HC—
CeH,—CH#%;. Of the pseudoconjugated polymers, polymer 4-B-
H400, =#C;H,—0—CsH,—N=HC—C,H,—CH#;:, showed the
highest thermal stability in air with an inflection temperature of
475°C. In fact, its weight loss in air at 600°C of 70% compared favor-
ably with the values of 64% for the 1-B-H400 conjugated polymer.

11. The indication that the condensation polymerization was not
completed at 400°C was observed in the differences in the thermo-
analyses of the 1-B-H400 and the 1-B-H450 polymers. The per cent
weight loss in air at 600°C for the former was 69%, and for the latter
it was 39.2%. This also indicated the possibility of achieving
greater thermal stability in the Schiff base polymers by continuing
the condensation to temperatures higher than 400°C.

Thermal Stabilities of the B-H600 Polymers

1. The thermograms of polymers 1-B-H600, 9-B-H600, and
10-B-H600 clearly showed that their stabilities in nitrogen were
higher than the corresponding polymers which had been con-
densed to 400°C. The three H600 polymers showed weight losses
of less than 5% at 700°C and less than 18% at 1176°C.

2. The thermograms of the three H600 polymers show that little
or no loss in weight occurred when the samples were heated in
nitrogen to higher temperatures until some definite temperature
was reached; then a first distinct negative slope occurred until it
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reached a second higher temperature, when it tended to level out
as a second but smaller negative slope became evident, which then
continued to the temperature limit of the apparatus, 1176°C. The
first negative slope was attributed to losses of by-products due to
continued condensation polymerization, and the temperature at
which it originated depended, as would be expected, on the previ-
ous thermal history of the sample. For example, in the B-H400
polymers the first negative slope was found in the 500-600°C
region; whereas in the B-H600 polymer it was found in the region
near 700°C.

The second negative slope could be interpreted from the nature
of the plots as originating before the factors responsible for the first
negative slope were completed and it was approximated that,
generally, the second slope took origin in the 800-850°C region.
Although the losses in this region could be attributed in part to
continued condensation, which would be expected to be minor,
they also could be due to intramolecular and intermolecular con-
densations to yield fused ring structures by loss of hydrogen or
other by-products.

In any case, the thermograms performed in nitrogen indicated
that condensation polymerization should be continued for a suffi-
cient time to some temperature above 600°C, probably to a tempera-
ture in the region 800°C or higher.

It was interesting to note the appearance of the H600 polymers
after being heated in nitrogen to 1176°C; the finely powdered, heat-
treated samples had the appearance of relatively shiny, very black
particles of the original shape, and not of dusty, powdery products
characteristic usually of carbonized polymers. The thermal-sta-
bility values in air of the B-H600 polymers were higher than the
values found for the B-H400 polymers. The highest thermal sta-
bility in air, when based on inflection points, was found to be
550°C for polymer 1-B-H600; this compared to 515°C for polymer
9-B-H600 and 510°C for polymer 10-B-H600.

Thermal Stabilities of the H1176 Polymers. When the H1176 poly-
mers were heated in nitrogen, the thermograms gave no evidence
of further condensations; this was indicated by the substantially
horizontal linear plots of weight versus temperatures in each curve.
The weight losses varied in the range of only 2.4-4.4%, but this
loss was found only at temperatures above 1000°C, in the twelve
polymers evaluated. These data indicated that by condensing the
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polymers in an inert atmosphere to temperatures in excess of 800°C,
for example, in the region of 1000°C, a polymer could be obtained
which showed high thermal stability in a nitrogen atmosphere to a
temperature in excess of 1100°C. Since these low loss values could
be attributed to a gain in weight by reaction of the polymer with
nitrogen-counterbalancing pyrolysis losses, other studies (64) in
which helium and argon were substituted for the nitrogen yielded
substantially the same loss values.

All the H1176 polymers showed thermal stabilities in air in ex-
cess of 440°C, with a spread in temperature range of 440-600°C.
The highest value of 600°C was shown by polymer 1-B-H600-
H1176, which had been condensed at 600°C for 20 min before
being postheated to 1176°C. This improvement would indicate
that a condensation performed at a very slow heating rate progres-
sively from 400 to 600°C before heating to 1176°C would be bene-
ficial toward improving the thermal stabilities of these polymers.

Difficulties of Elemental Analyses

Difficulties in elemental analyses followed as a consequence of
synthesizing the black, thermally stable Schiff base polymer. Analy-
ses of the yellow and brown low molecular weight polymers, as
well as higher molecular weight black polymers, were performed
by three well-qualified analytical laboratories; the nitrogen values
were determined in many cases by both the Dumas and the Kjel-
dahl methods. Elemental analyses of the low molecular weight,
yellow and orange, easily combustible, Schiff base polymers gave
values in good to fair agreement with the calculated values; this
was shown in the analyses of the solution polymerizations of dial-
dehyde and diamines as well as in a number of oligomers prepared
by the exchange reactions in solution. The deviations from the cal-
culated values increased as the color of the polymers darkened. The
problem became more severe when the black polymers were
analyzed and the deviations from calculated values increased with
the molecular weight of the polymers. The calculated value for the
p-xylylidene-p-phenylenediamine polymer, =EN—C¢H,—N=HC—
CsH,—CH#, is C, 81.53; H, 4.88; N, 13.59; yet a Dumas analysis
of polymer 1-B-RP-H260 gave the per cent values C, 83.25; H,
5.47; N, 6.08; with a sum of elements as 94.80%; and ash was re-
ported as present. A repeat analysis, in which the combustion was
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conducted at higher temperatures (1200°C) for longer periods of
time, yielded the per cent value C, 85.59; H, 5.17; N, 9.76; with the
sum of elements as 100.52%.

In both analyses, the per cent values for carbon is higher while
that for nitrogen is lower than any formula that can be written for a
polymer which was obtained in 98.5% yield and which had not
been heated to temperatures in excess of 260°C, a temperature
which is a very much lower temperature than the 600-800°C tem-
peratures at which structural changes in the polymer appear. How-
ever, it was interesting to note that in the repeat analysis the sum
of the per cent values for carbon and nitrogen (85.59 + 9.75) was
95.34%, which is almost identical to the calculated sum of (81.53 +
13.59) 95.12%. It appears to be probable that the oxides of nitrogen
produced at the high combustion temperatures were not being re-
duced completely to nitrogen and these nitrogen values were in-
corporated as CO, in the values for carbon.

The analyses of the bis exchange polymer, 1-B-H450, =fN—
CeH—N=HC—C;H—CH#%;, gave the per cent values C, 75.20;
H, 4.74; N, 6.80; with ash reported as being present; the sum of the
elements was 86.74%. A separate and total combustion in a crucible
over a Meeker burner at red heat showed that the polymer was
ash-free. Upon reanalysis with extended combustion time at higher
temperatures, the new per cent values obtained were C, 81.55; H,
4.66; N, 9.49; the sum of the elements was 95.7%. These values
correspond to a n = © on the basis of carbon; the hydrogen value is
less than the value required for n = and the nitrogen value of
only about 70% that required for n = . The difference in the total
elemental values, 100.0 — 95.7 = 4.3%, cannot be attributed to
oxygen, since the polymer was prepared in the absence of oxygen
from monomers containing no oxygen atoms by the same tech-
niques used in preparing polymer 1-B-RP, which also showed the
absence of detectable oxygen. If the value of n in this polymer
sample was a value in the range 10-30, and if it had been prepared
solely from the dialdehyde and diamine directly, its oxygen con-
tent would be between 0.26 and 0.77%; thus an oxygen content of
4.3% would correspond to that of an oligomer whose value is be-
tween n =1 and n = 2, a fact which was belied by its color and its
thermal stability.

The nitrogen values determined by the Dumas method and the
usual macro Kjeldahl method did not agree. The Kjeldahl analyses
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for nitrogen were also low, although usually they averaged 2-4%
higher than the values obtained by the Dumas method. This can be
explained to some degree by the observations made on heating
samples of the polymers 1-B-RP and 1-B-H450 in concentrated
sulfuric acid. To 10 ml (1.84 g) of concentrated sulfuric acid in a
micro Kjeldahl digestion flask there was added 0.5 g of polymer
1-B-H400 and the mixture heated in the digestion rack over the
direct flame of a Bunsen burner to the refluxing temperature (about
300°C) of the acid. The dissolution of the polymer did not occur
until it had been heated for 16 hr; the color lightened to dark
brown in 24 hr and the solution did not become colorless at the
end of 96 hr, at which time the experiment was terminated.

When 100 mg of HgSO, and 100 mg of CuSO, were added to a
second mixture of 0.5 g of polymer and 10 m] of sulfuric acid and
the mixture heated, dissolution occurred in about 6 hr, but the
brown color did not disappear at the end of 72 hr, at which time
the experiment was terminated. Then a mixture of 80 mg of poly-
mer, 100 mg, of HgSO,, 100 mg of CuSO,, and 10 ml of sulfuric acid
was heated as in the previous experiments, and a clear, greenish-
yellow solution was obtained in 5% hr. This digestion was repeated
a number of times and extended for longer periods of time with the
results given in Table 14. This resistance to digestion was also
evident in the hydrolytic stability of these black polymers. Finely
ground 0.100-g samples of the polymers 1-B-RP-260 and 1-B-450,
respectively, were refluxed in 100 ml of 5 and 10% sulfuric acid
solutions, respectively, and were recovered quantitatively after 96
hr at reflux temperatures.

Other experiments (65-69) report similar difficulties in elemental
analyses of insoluble, infusible, highly thermally stable polymers.

TABLE 14
Effect of Digestion Time on % N Found in Polymers

% N found in polymer

Digestion
time, hr 1-B-RP-H260° 1-B-H450*
5.5 8.53 8.81
12.0 9.63 10.15
24.0 11.78 12.61
72.0 13.48 13.41

2 Theoretical, N = 13.59 at n = .
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Bell and Pezdirtz (67) report that exceptional thermal stability of
some of their nitrogen-containing polymers was also apparent in
their elemental analyses, and that the discrepancies indicated the
inadequacy of combustion analytical methods to degrade thermally
stable polymers to an extent where accurate results can be ob-
tained. In fact, they show that identical analytical procedures give
carbon values 5% below theory for pyrolytic graphite (100% C). It
has also been reported (70) that when the Kjeldahl method was ap-
plied to some of these polyimidazole-type polymers, digestion had
to be continued for extended periods of time of the order of 48 hr
or more in concentrated sulfuric acid, to give nitrogen values which
approach the calculated values.

An alternative satisfactory method of obtaining Kjeldahl nitrogen
values consisted in “solubilizing” the polymer in benzylideneani-
line with zinc chloride catalysis, performing the analysis on an
aliquot part of the mixture, and correcting the nitrogen value for
the amount contributed by the benzylideneaniline. Such an analy-
sis was obtained by first dissolving 1.0 g of 1-B-RP-H400 in 100 g
of benzylideneaniline, then digesting an aliquot part for 18 hr in
sulfuric acid to yield the per cent value N, 8.17; theoretical, 8.26.
If the nitrogen values obtained by such tedious procedures were
used to correct the sum of nitrogen and the carbon values obtained
by the Dumas method, the per cent analytical values for 1-B-RP
were C, 81.48; H, 5.17; N, 13.49; and for 1-B-H450: C, 81.55, H,
4.66; N, 13.51, which are in fair agreement with the calculated
values: C, 81.53; H, 4.88; N, 13.59.

Problems in Molecular Weight Determinations

By Elemental Analyses of the Polymers. In poly-p-xylylidene-p-
phenylenediamine, HA/ENCsH N=HCCH,CH%0, the elemental
analyses change with the value of n; as n increases from 1 to «, the
per cent values of C increase from 75.00 to 81.53 and of nitrogen
from 12.50 to 13.59, while the per cent values of H decrease from
5.36 to 4.88 and of oxygen from 7.14 to 0.0. A similar relationship
is found in the corresponding bisexchange polymer, C;H,CH-
=NC;H,N=HCC:H,CH}zNCgH;. Elemental analyses can be used
to assign average values to the relatively lower molecular weight
polymers in which n is about 10 or less, but the minor differences
calculated for the values of C, H, and N in polymers in the range of
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i > 10 to n = = fall within the limits of error of the available analyt-
ical methods. This, in addition to the fact that the carbon analyses
obtained by combustion must be corrected on the basis of a Kjel-
dahl nitrogen value, precludes the use of carbon or other values
for assigning molecular weight values to the polymers.

By Measurements of Solutions of the Polymers. The molecular
weights of polymers are usually derived from suitable physical
measurements of dilute polymer solutions such as measurements
involving viscosity, osmotic pressure, and light scattering. It is
known (71) that many polyconjugated polymers become insoluble
and infusible at low degrees of polymerization. The dark-colored
polyconjugated Schiff bases of this investigation fall within this in-
solubility pattern. Most of the low molecular weight yellow, orange,
and brown-colored Schiff base polymers can be dissolved in con-
centrated sulfuric acid and their intrinsic viscosities in concen-
trated sulfuric acid measured. By interrupting the bis exchange
polymerizations at low degrees of conversion, it is possible to iso-
late black polymers on the borderline of solubility in sulfuric acid,
although such polymers still contain retained benzylideneaniline.
The highest intrinsic viscosity measured in these studies of such
“interrupted” polymers, 1-B-H325-B, was 0.824. By reference to
the intrinsic viscosities of 0.3 to 1.4 reported (72) for the benz-
imidazo-benzophenanthroline polymers, these Schiff base poly-
mers can be considered as possessing a reasonably high molecular
weight at this stage of condensation.

Since they are condensation-type polymers, they can be expected
to follow the weight-average and number-average distribution
shown by Flory (73). At low conversions, the number of monomer
molecules is more plentiful than polymer species and the molec-
ular weight of the most prevalent polymer is indeed low; and
its molecular weight will shift to higher values with conversion.
Information of this type is useful in determining the conversion at
which initial insolubility occurs but is of little or no value in corre-
lating physical properties with molecular weight in the insolu-
bility range.

The terms “insolubility” and “solution” when applied to the
poly-Schiff bases are confusing. Most of the reaction pairs used in
the polymer preparations in these studies were soluble in many of
the common organic solvents, such as alcohol, acetone, benzene,
and toluene, and these solvents were used in these studies to ex-
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tract unconverted reagents from their derived polymers. The yel-
low, orange, red, brown, and black polymers were insoluble in
these types of solvents. Yet most of the yellow, red, and brown
polymers were found to be soluble in formic acid, acetic acid, acetic
anhydride, concentrated sulfuric acid, and in a saturated solution
of sodium bisulfite. However, these solutions were not true solu-
tions of the polymers but solutions of derivatives of these polymers.
Acetic acid was found to be a poorer solvent for the yellow poly-
mers than was formic acid, causing only a slight reduction in color,
indicating incomplete acylation.

Addition reactions to the —C=N— linkage in Schiff bases is not
limited to the solvent reagents of the type mentioned above, since
others are known. The addition to monomeric Schiff bases of HCN
(74-77), alkyl halides (78), bromide (79), Grignard reagents (80-
82), and active a-hydrogen compounds (83,84) such as methyl ethyl
ketone and malonic esters are also known. When some of these
reagents were evaluated as solvents for the yellow polymers, they
were found to be much poorer than acetic acid.

If the molecular weights of these polymers are to be obtained
from their derivatives, then the reaction by which the derivatives
are prepared should be quantitative or nearly so. That this was not
so was evident in the failure to obtain colorless derivates, as would
be expected if addition occurred at substantially all the —C=N—
bonds. Attempts to prepare 1% solutions of some selected, very
finely divided black polymers in formic acid at room temperature,
and at reflux temperatures for short periods of time, failed to yield
solutions and most of the polymer remained undissolved. Even an
extended reflux for 7 days of 0.002 g of the polymer in 10 ml of
formic acid yielded only a slight brown solution and not a colorless
solution, leaving most of the polymer undissolved. The addition
of the filtered formic acid solution to 100 ml of water precipitated
only trace quantities of a brown polymer, which indicated that
formic acid was reacting incompletely with the polymer and ex-
tracting only the lower molecular weight products. Similar diffi-
culties were experienced in attempts to prepare solutions of some
hard black polymers in acetic anhydride, saturated aqueous sodium
bisulfite, and sulfuric acid.

Finally, many other black polymers, which were assumed to be
of higher molecular weight as a result of longer reaction time, etc.,
were found to be completely insoluble in formic and sulfuric acids.
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That these polymers were not cross-linked was shown by “dis-
solving” them in benzylideneaniline.

Practically all the polymers, except those heated to 600°C or
higher, whether yellow or brown or black, could be dissolved in
benzylideneaniline simply by heating the mixture alone as a melt
in the case of the lower molecular weight polymers, or in the pres-
ence of added catalytic quantities of zinc chloride added to the melt
mixture in the case of the higher molecular weight polymers. Solu-
tion of these polymers was due to a reaction by a bis-Schiff base
exchange reaction between polymers and benzylideneaniline
which “reduced” the average molecular weight of the polymer by
changing its distribution and therefore was of little value in deter-
mining the molecular weight of the initial polymer. The “solubili-
zation” of the polymers in benzylideneaniline was considered as
offering a possible solution to this problem. This solution might
be found by relating the molecular weight distribution of the thus
equilibrated, solubilized mixture, to the various concentrations of
benzylideneaniline used in the reaction, and from the data derive
the probable distribution of the original polymer by the extrapola-
tion to a zero concentration of benzylideneaniline; such data prob-
ably can be obtained from light scattering or intrinsic viscosity
measurements. Such an approach would be the inverse or reverse
of that used by Flory (85) to derive the distribution data for conden-
sation polymers. Such an approach would have to assume the ab-
sence of adduct or m-complex formation between the dissolved
“equilibrated” polymer and benzylideneaniline:

=NCH,N=HCCH,CH} =fNCH,N—HCCH,CH¥
+ - L

| i (15)
nCeH;CH=NCH; CeH,CH—N—GC,H,

In attempts to resolve whether or not such complexes were
formed, the infrared spectra of a number of polymers, in which
benzylideneaniline was involved either (a) as a by-product of the
reaction, or (b) as the solvent for the yellow polymer, 1-Y, or (c)
as a solvent for the depolymerizing of an insoluble bis-Schiff base
exchange polymer, 1-B-RP-H400, or (d) as the reaction medium for
the bis-Schiff base exchange reaction, were examined. The refer-
ence spectra were those of 1-Y and 1-B-RP, which were synthesized
in the complete absence of benzylideneaniline.

A comparison of the infrared spectra of these “equilibrated” poly-
mers showed that changes, indeed, do occur. However, it was
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difficult to determine whether or not there was a decrease in the
concentration of —C==N— groups in the product because the newly
added phenyl group also has an absorption band in the 1600 cm™
region. However, all the products showed absorptions in the 690
em™ and 760 cm™! regions, attributable to the terminal C;Hs—
groups; such bands were originally absent in the 1-Y and 1-B-RP
polymers. A number of interesting observations were made of the
changes in spectra as 1-Y was heated in benzylideneaniline. At the
early stages of reaction, the typical spectrum of the original poly-
Schiff base was observed, which then was followed with increase
in reaction time, by an increase in the concentration of the absorp-
tion bands for the C4Hs— structures, which indicated some kind
of incorporation of the benzylideneaniline. This incorporation
could be the result of an exchange reaction or of complex-adduct
formation or of both. The first stages were shown to involve ex-
change and would account for the presence of CgHs— structures;
but as the viscosity of the melt, and therefore chain length, in-
creased, the relative amount of terminal C¢Hs— groups should have
decreased, instead of increasing, as a result of chain-end coupling
and benzylideneaniline elimination. This inicrease would indicate
retention of benzylideneaniline.

In all the preparations in which benzylideneaniline was involved
either as a by-product in an exchange reaction, or where it was used
as a solvent for the reaction, or where a low molecular weight poly-
mer was propagated in it, or when an insoluble, infusible polymer
was “solubilized” in it, the yield of polymer recovered by distilla-
tion was always higher than 100%, even when the polymer was
heated to 330°C at 1.5 mm Hg pressure (benzylideneaniline, b.p.
310°C/760 mm). However, when these high-yield polymers were
heated further to 400°C, additional benzylideneaniline was elimi-
nated rapidly; most probably this was the result of decomplexing
and not of chain-end coupling, which would be expected at this
stage of condensation to be relatively slow. At temperatures above
400°C, benzylideneaniline was eliminated at a much slower rate,
as would be expected from the kinetics for chain-end coupling in a
system of decreasing concentration of functional end groups. Even-
tually a theoretical 100% yield was approached as the temperature
was increased to about 600°C. When this point was reached, the
system could be considered as relatively free of complexed benzyl-
ideneaniline, as was evidenced also in the thermograms, but the
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product at this stage was insoluble in all solvents evaluated, and
therefore was useless for the molecular weight determinations.
Monomeric four-membered ring adducts,

ArQH—N—Ar
ArN—HC—Ar

have been reported (31,86) and found to be very unstable, regen-
erating the Schiff bases readily. Rings of this kind should be ex-
pected to be formed by reaction between benzylideneaniline and
the Schiff linkages in the polymer, but not all linkages can be ex-
pected to react (87). Also, if such four-membered ring complexes
were formed, removal of the benzylideneaniline should be ex-
pected to be more difficult because of the polymeric medium of
high viscosity from which it must diffuse, when compared to the
unhindered decomposition of a monomeric four-membered ring
compound. Equation (15) also shows that the calculated elemen-
tal per cent values should change from C, 81.53; H, 4.88; N, 13.59
for the uncomplexed 1-B-RP polymer to C, 83.72; H, 5.42; N, 10.85
for the 1:1 complex. The values obtained on a limited number of
samples which were withdrawn as the benzylideneaniline was
removed from the solubilized polymer gave values which fell
within this range, with the values for the unsolvated polymer being
approached after the polymer was heated to 550°C. Analytical
values of this kind were not sufficiently precise or reproducible to
specify values for the amount of complexed or solvated benzyli-
deneaniline, but in terms of infrared spectra, elemental analyses,
yields, and thermal behavior the polymers appeared to be solvated
by or complexed with benzylideneaniline; thus

CoHyCH=ENC,H ,N=HCC,H,CHir=rENCoH,N—HCC,H,CHIENC,H,
C,H;CH—NC,H,

This benzylideneaniline could be removed only by heating at tem-
peratures well above the boiling point of benzylideneaniline.
Related evidence of a similar kind was obtained also when
p-chlorobenzylidene-p-chloroaniline was used as the solvent reac-
tant instead of benzylideneaniline. A number of attempts were
made to extract these bound benzylideneanilines from the finely
ground polymers with dimethylacetamide; the results are discussed
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under the section dealing with molecular weight determinations
based on end-group analyses.

Molecular Weights from End-Group Analyses

An attempt was made to establish at least an order of magnitude
of the molecular weights of the polymers by relying on the elemen-
tal analyses of polymers containing atoms other than carbon,
hydrogen, or nitrogen. Since polymers containing halogen end
groups appeared to offer some promise, a number of such Schiff
base polymers were prepared. The pertinent data obtained from
the syntheses and analyses of the chlorine-tagged polymers, 14-Cl-1
to 14-Cl-6, inclusive, are given in Table 15.

The halogen contents of polymers 14-Cl-1 and 14-CI-2 were in
fair agreement with the values for n ~ 2 and n ~ 3, respectively,
and the colors of these polymers confirm these approximations. The
dark-brown color of the polymer 14-Cl-3 and the lower yield, 84%,
of the polymer obtained gave indications that its chain length was
higher than that of the brown-orange polymer, 14-Cl-2, 90% yield,
yet the halogen analysis of 18.28% chlorine corresponds to an n
value of less than 1. Similarly, the black color and the viscosity of
the melt of polymer 14-Cl-4 gave evidence of a molecular weight
higher than that of polymer 14-Cl-3, yet its chlorine values placed
the value of n at slightly higher than 1. Similar conflicting conclu-
sions could be made from the chlorine values found for polymers
14-Cl-5 and 14-Cl-6, even though progressively larger quantities
of p-chlorobenzylidene-p-chloroaniline had been collected as the
reaction times were increased and as the pressures in the systems
were lowered. These high chlorine values could be explained by
the fact that by-product p-chlorobenzylidine-p-chloroaniline was
being retained more tenaciously, probably as an adduct, by the
higher molecular weight viscous polymers than by the oligomeric
dimers and trimers. Since the by-product contains 28.1% chlo-
rine, retention of significant amounts could produce a large shift
in elemental analysis. The quantity of retained by-product, if any,
could be calculated from the elemental analysis values for C, N,
and Cl. For polymer 14-Cl-5 the amount of retained by-products
was calculated from the nitrogen values to be 61.0%, and 60.0%
from the carbon values, and for polymer 14-Cl-6 the amount of
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retained by-products was calculated to be 53.0% from the nitrogen
values and 50.0% from the carbon values. Since p-chlorobenzyli-
dene-p-chloroaniline is soluble in 95% alcohol, these polymers
were ground and extracted in a Soxhlet apparatus, continuously for
24 hr, until the condensate in the thimble chamber gave a negative
test for chlorine by the Beilstein copper wire method. Only 25 and
7.5% of the weight of polymers 14-Cl-5 and 14-Cl-6, respectively,
were extracted instead of the much higher values expected. The
chlorine contents of the extracted materials for polymers 14-CI-5
and 14-Cl-6 were 27.61 and 27.7%, respectively, corresponding
well to the calculated value for p-chlorobenzylidene-p-chloro-
aniline. The alcohol-exiracted polymers were then subjected to a
second Soxhlet extraction with dimethylacetamide and the ex-
tracted polymers dried to constant weight in a vacuum oven at
60°C at 1.5 mm for 16 hr. Additional amounts of p-chlorobenzyli-
dene-p-chloroaniline and other low molecular weight products
were recovered from the dimethylacetamide by distillation and
combined with by-products recovered by the alcohol extraction.
The total amount of by-products extracted from polymer 14-Cl-5
was 63.3% and from polymer 14-Cl-6 was 52.8% of the original
weight of the polymers.

In both cases, the weight of the remaining polymer, after the di-
methylacetamide extraction, exceeded greatly the weight of the
original sample placed in the extractor. Since retention of dimethyl-
acetamide was suspected, the polymer was extracted for a third
time with acetone for 16 hr, and only about 50% of the retained
dimethylacetamide was recovered. The remaining amount of the
retained dimethylacetamide was recovered by heating the poly-
mers to 300°C and collecting it in an acetone—dry ice trap. The final
weights of the dried extracted polymers were 35.2 and 46.1%, re-
spectively, for polymers 14-Cl-5 and 14-CI-6.

Elemental analyses for chlorine of the extracted polymers gave
values of 0.37% for polymer 14-Cl-5 and 0.21% for polymer 14-CI-6.
These values are in fair agreement with the values calculated from
the chlorine contents of the extracts. On this not too satisfactory
basis, since in this range of chlorine content small errors in chlorine
values introduce large errors in the calculations for molecular
weight, the molecular weight of the residual dimethylacetamide
insoluble polymer, 14-Cl-5, was about 21,000 and of polymer 14-
Cl-6 it was about 32,000.
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The presence of retained p-chloroxylylidene-p-chloraniline in
14-C1-5 polymer was confirmed by extracting it from the polymer
with sulfuric acid. The quantity extracted in a static system at 60°C
by 95.3% sulfuric acid amounted to 21.9%, compared to the value
of 25% removed by alcohol in a continuous extraction in a Soxhlet
apparatus, while at 120°C the amount extracted by sulfuric acid
was 39.69% compared to 38.3% extracted by dimethylacetamide
in a continuous process.

Comparable studies were also made on the polymers synthesized
from using fluorine-substituted monomers without achieving any
greater degree of accuracy.

Molecular Weights from Spectral Methods

From Infrared Spectra. As the molecular weight increases in a
homologous series of conjugated polymers, a shift occurs in the
conjugation bands in their infrared spectra. This shift was observed
by comparing the bands in benzylideneaniline, N,N’-dibenzyli-
dene-p-phenylenediamine and p-xylylidenedianil with those in the
yellow and black polymers. A preliminary investigation of these
regions have indicated that this was not a satisfactory method for
even approximating the molecular weight of the black polymer,
because once the “early” black polymer stage had been reached,
the magnitude of further spectral shifts with continued condensa-
tion was either too small or undetectable to be useful.

From Ultraviolet Spectra. It is well known (88,89) that the ultra-
violet spectrum of a conjugated chromophore will have the maxi-
mum intensity absorption band, Amax, shift to longer wavelengths
as the extent of conjugation is increased. It was believed that, since
such bathochromic shifts are approximately cumulative, they would
give some indication of the relative extent of conjugation and there-
fore of a relative value of the polymer molecular weights. In the
p-polyphenyls (90), Ayax for diphenyl is found at 251 my, shifting
to 280 mu for HHCH=H, to 300 mu for HCsH7H, 310 mu
for HHCzH)zH, and 317 mu for HHCgH JzH.

The para monomers, C¢gHsCH=NCsH,N=HCCH; and CgH;N=
HCCgH,CH=NC,H;, showed relatively sharp Apax at 357 mu and
347 my, respectively, while the Apax for the by-product CgH;CH=
NCzH; was found at 263 mu. When these monomers were reacted
to a relatively low degree of condensation, the Apay of the mixture,
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which included the liberated by-product, was found, for the various
yellow-colored polymers, in the region 290-305 mu and for the
various orange and orange-brown colored polymers in the region
350-360 mu. But at the brown and dark-brown colored polymer
stages, a reversal to lower Apax, 310~330 mpu, was observed as the
concentration of the by-product CeH;CH=NCgHj; (Ayax at 263) in-
creased as a result of continued polycondensation. When the ben-
zylideneaniline was removed by distillation, the Ay« shifted again
to the higher wavelengths to the region 355-365 my until the poly-
mer became insoluble in dimethylacetamide, which precluded fur-
ther comparative measurements.

Similar results were obtained with the chlorine-tagged polymers
of the 14-Cl series. The Apax of the para monomers, CIC,H,CH=
NC¢H N=HCC¢H,CI and CIC;H N=HCCzH,CH=NCH,CI were
362 mu and 350 mu, respectively, and Ayax of the by-product,
CICgH,CH=NC4H,C], was 315 mu. The A, values shown in
Table 15 were obtained on the polymers as prepared and which
still contained, as was shown, considerable amounts of the by-prod-
uct, CICqH,CH=NCzHCI. In this case also, a shift first to higher
Amax Was observed, and this was followed by a reversal to lower
Amax as the concentration of by-product increased. When this by-
product was removed by distillation, Amayx also shifted again to
higher wavelengths in the 350-365 mu region, the region found for
the unsubstituted Schiff base, indicating that the influence of the
terminal halogens on Apax is minor when the value of n in these
polymers is still relatively low, and estimated to be about 5 to 6.

In their behavior, these Schiff base polymers parallel the poly-
phenyls; the amount of shift to higher Anax decreases rapidly and
asymptotically with increases in the value of n at low values of n,
and thus ultraviolet spectroscopy is no more a satisfactory tech-
nique for estimating the molecular weights of the higher polymers
than is infrared spectroscopy.

From Electron Spin Resonance Spectra. A number of electron spin
resonance spectra were recorded of a number of polymers to deter-
mine whether or not signal intensity could be correlated to molecu-
lar weights. An increase in the extent of conjugation in a conjugated
system tends to decrease the binding energies of the 7 electrons in
the systems. This decrease in the binding energy is attributed to
resonance within the system (91). Thus, from a purely theoretical
consideration, one may expect that the 7 electrons in long conju-
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gated chains would be held rather weakly, so that low excitation
energies will cause electrons to flow along the chain. Molecules
possessing high degrees of conjugation should show conductivity.
This phenomenon has been observed in certain condensed aro-
matic systems (92) such as phthalocyanine and anthracene, which
were shown to possess semiconductor properties and to obey
Ohms’ law (91). These properties are due to the existence of
trapped radical or unpaired electrons or to both in the chemical
structure, and these substances give intense bands in the electron
spin resonance spectrum (93,94). The areas under the peaks are
proportional to the number of unpaired electrons in this structure.

In the poly-Schlff bases, the signal is attributed to the unpaired
electrons in the —C=N— structure, and all the yellow to brown
polymers showed good signal response. All the black polymers
showed high signal response. Figure 16 illustrates some typical
electron spin resonance spectra: curve (a) for the 1-B-H260 polymer
and curve (b) for the 1-B-H300 polymer.

In the relationships of 6X'/8H and H in Fig. 16, the narrow signal

dx'/dn +
dX'/dH »

H—> E—>

(a) (b)
FIG. 16. Typical EPR spectra of =tHCCyH,CH=NC¢H N3 polymers.
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without a superfine structure confirms the existence of unpaired
electrons in the polymer. An effort was made to correlate §X'/6H
versus H to molecular weight by evaluating samples of polymer
withdrawn from a reaction as a function of increasing viscosity with
time, and therefore to molecular weight with increasing conjuga-
tion. The preliminary efforts to correlate signal intensity or areas
under the peaks with probable sizes of the polymer were not ini-
tially successful.

Further studies on the comparison of the electrical and photo-
conductive properties of the yellow with the black poly-Schiff bases
have been initiated.

Our initial attempts to establish a method for determining the
molecular weight of the solid black, infusible, poly-Schiff bases
indicated that it was a difficult task indeed, and the problem was
not resolved. The problem of determining the molecular weights
of the so-termed “infusible,” “insoluble,” thermally stable poly-
mers is not peculiar to the Schiff base polymers alone; it is common
to many polyaromatics, such as the polyphenylenes and polystil-
benes, the polybenzimidazoles, the pyrrones, and numerous others.
It is believed that the solution to this specific problem, identified
peculiarly with highly thermally stable polymers, is itself the sub-
ject of a major research undertaking.
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Zusammenfassung

Diese Arbeit vergleicht die Synthesen und die thermischen Stabilititen
von zwilf verwandten, konjugierten, pseudokonjugierten und nicht-kon-
jugierten polymeren Schiff’schen Basen von der allgemeinen Formel:

=§N—Z—N=HC——©>—CH#, wobei Z die folgenden Gruppen dar-

“0--00--0-
~O—~<0--O-
0+0--0-=-0-

_(CHz)z—» und —(CHz)r-

N
S

O
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Die Polymeren wurden folgendermassen dargestellt: (a) durch Konden-
sation von Z(NHy), mit p-C¢H,(CHO), in (1) Losung und (b) in der
Schmelze, und (b} mittels dreier neuer Schiff’ Basenaustauschreaktionen:
(1) durch Aldehydaustausch:

nOHCCH,CHO + nCeH;CH=N—Z—~N==NCC,H; =
(2n — 1)CgH;CHO + CyH;CH=EN—Z—N=HCC,H,CH3zO

(2) durch Aminaustausch:

nH,N—Z—NH, + nCgH;N=HCCH,CH=NCH; =
(2n — 1)CeH,;NH, + HN—Z—N=HCCH,CH3zNCH;

und {3) durch zweifachen Austausch:

nCeH;N=HCC,H,CH=NCH; + nC{H,CH=N—Z—N=HCGCH; =
(2n — 1) CeH;CH=NCH; + CsH,CH=FN—Z—N=HCC,H,CH}NCH;

Die nichtkonjugierten Polymeren wurden in bequemer Weise in Lésung
durch Reaktion der aliphatischen Diamine, H,N(CH,),NH,, mit Tere-
phtalaldehyd als auch mittels der zweifachen Austauschreaktion darges-
tellt. Die erhaltenen Produkte waren weiss bis cremefarben und hatten
thermische Stabilititen von ca. 300°C in Stickstoff und 250°C in Luft.

Die in Loésung durchgefiihrten Kondensationen von konjugierten und
pseudokonjugierten Diaminen mit Terephtalaldehyd ergaben gelbe,
niedermolekulare, spréde, unschmelzbare Polymere von Ziegelstaub-
artiger Beschaffenheit. Hingegen ergab die Polymerisation in der Schmelze
nach Durchgang eines schmelzbaren, duktilen Zustandes hochkonjugierte,
schwarze Polymere von relativ hoher thermischer Stabilitit. Diese in der
Schmelze durchgefithrten Polymerisationen waren schwer zu handhaben.
Die Polymeren wurden jedoch sehr leicht nach der Schiff Basenaustausch-
reaktion hergestellt, wobei der zweifache Austausch der Prozess war, der
am leichtesten gehandhabt werden konnte.

Die Methode des zweifachen Austausches ergab schmelzbare, duktile
Polymere, die sukzessive Farbinderungen von gelb nach orange iiber rot
nach braun und schwarz durchliefen; bei fortgesetztem Erhitzen wurden
die Polymeren unschmelzbar. Die thermischen Stabilititen dieser Poly-
meren hingen von der Maximaltemperatur ab, bei welcher die Kondensa-
tionen durchgefiihrt wurden. Es ergab sich, dass die Polykondensation bei
Temperaturen bis zu 400° unvollstindig ist, obwohl die thermischen Stabil-
ititen der auf diese Weise dargestellen Stoffe im Bereich von 500 bis 550°C
in Stickstoff und 430 bis 480°C in Luft lagen. Wenn die Kondensation bei
600° durchgefithrt wurde, ergaben die Polymeren bei 700° in Stickstoff
einen Gewichtsverlust von weniger als 5% und bei 1176° von weniger als
18%; die thermischen Stabilititen in Luft lagen im Bereich von 510 bis
550°C. Wenn die Kondensation bis zu Temperaturen von 700° durchge-
fiihrt wurde, oder bei hoherer Temperatur, entwickelte sich Wasserstoff,
was wahrscheinlich auf die intramolekulare Bildung von carbocyklischen,
heterocyklischen Phenantridinstrukturen zuriickgefithrt werden diirfte.
Wenn die Kondensation bis zu 1176°C durchgefiihrt wurde, zeigten die
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Produkte in Stickstoff thermische Stabilititen von iiber 110°C und in Luft
im Bereich von 440 bis 600°C. Die héchste thermische Stabilitiit hatte ein
vollstindig konjugiertes Poly(p-xylyliden-p-phenylendiamin).

Resume

Dans cette note on compare les synthéses et les stabilités thermiques de
douze polyméres similaires de bases de Schiff, conjugués, pseudo-con-
jugués, et non-conjugués, d'une formule générale

=EN——Z—N=CH—©—CH%, dans laquele Z représente

-0--00--0—~0-
0000~
-O- @ OO~

—(CH,)1—, et —(CH,)g—

On a preparé les polyméres par (a) la condensation de Z{NH,), et
p-C¢H,(CHO), en (1) solution et (2) en fusion, et (b) par trois réactions
d’échange nouvelles des bases de Schiff: (1) I'échange d’aldéhyde:

nOHCCH,CHO + nC;H,CH=N—Z—N=HCC,H; =
(2n—1)CeH;CHO + C;H;CH=EN—Z—N=HCC H ,CH3}O

(2) échange d’amine:

nH,N—Z—NH,; + nCgH;N=HCCH,CH=NC:H; =
(2n — 1)CH,NH, + H;=fN—Z—N=HCC H,CH3};zNCH,

et (3) I'échange bis:

nCeHsN==HCC,H,CH=NGC,H; + nCeH;CH=N—Z—N=HCGCH; =
(2n — 1)CgH;CH=NC,H; + C;H;CH=EN—Z—N=HCC,H,CH}=NC,H,

Les polyméres non-conjugués sont preparés facilement en solution par
la réaction des diamines aliphatiques H;N(CH,),NH, avec l'aldéhyde
terephthalique et aussi par le methode d’échange bis; ce sont des corps de
couleur blanche ou ivoire, et de stabilités thermiques d’environ 300°C
dans l'azote et 250°C dans I'air. La condensation en solution des diamines
conjugués et pseudo-conjugués avec I'aldéhyde terephthalique donne des
polyméres jaunes, & bas point de fusion, intraitables, infusibles, pous-
siéreux. La polymerisation en fusion donne, apres passage par un stade
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fusible, traitable, des polyméres noirs, trés conjugués, avec des stabilités
thermiques relativement élevées. Ces polymérisations en fusion étaient
difficiles & controller. Cependant, on a preparé ces polymeres trés facile-
ment par les réaction d’échange des bases de Schiff. Parmi celles I'échange
bis est le plus moderé et le plus facile & controller.

La polymerisation d’échange bis donne des polyméres fusibles, trait-
ables, dont la couleur change progréssivement de jaune en orange en rouge
et brun jusqu’au noir. Par chauffage continue le polymeéres noirs deviennent
infusibles. Les stabilités thermiques de ces polyméres dépendent de la
température maxima de la condensation. On a montré que la polycondensa-
tion est incomplete jusqu’a 400°C, mais les stabilités thermiques des poly-
méres étaient dans I'intervale de 500 a 550°C dans I’azote, et 430 4 480°C
dans I'air. Condensés & 600°C les polymeres montrent une perte de poids
de moins de 5% dans l'azote 4 700°C et de moins de 18% 4 1176°C; les
stabilités thermiques dans I'air étaient dans lintervale de 510 4 550°C.
Lorsque la condensation est effectuée aux températures excedant 700°C
ou plus elevées, 'hydrogéne s’élimine, trés probablement comme résultat
de la formation intamoléculaire des structures carbocycliques-hétéro-
cycliques de phenanthridine. Condensés & 1176°C les polyméres montrent
des stabilités thermiques dans l'azote excedant 1100°C, et dans I'air un
intervale de 440 a 600°C. La stabilité thermique la plus elevée appartient
a la poly(p-xylylidéne-p-phénylénediamine) completement conjuguée.
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