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SYNOPSIS

The polycondensation of I.-aspartic acid (ASP) with 6-aminocaproic acid (ACA) using o-
phosphoric acid produced poly(succinimide-co-6 -aminocaproic acid). The yield of the MeOH -
insoluble copolymer decreased from 99 to 52% and that of the MeOH-soluble one increased
from 9 to 47%, with increasing molar ratio of ACA in the monomer feed. The compositions
of the succinimide (SCI) unit in the MeOH-insoluble and -soluble copolymers tended to
be higher than those of ASP in the monomer feed. The copolymers with the 35 mol %
SCI units or above were soluble in DMSO, DMF, and cone-H2S0,, but those with the 20
and 21 mol 70 SCI unitsweresolubleonly in cone-H.JIOa.The meltingtemperatureappeared
for the copolymers with lessthan 76 mol % SCI units. Poly(succinimide-co-6 -aminocaproic
acid) was easily hydrolyzed to yield poly(aspartic acid-co-6 -aminocaproic acid), and it ex-
hibited biodegradability toward activated sludge. (C 1997 ,JohnWiley & Sons, Inc.
Keywords: acid-catalyzed polycondensation . 1,-aspartic acid ● 6-aminocaproic acid ● o-
phosphoric acid ● poly(succinimide-co-6 -aminocaproic acid)

INTRODUCTION

Polyamides, such as nylons 6 and 6/6, which are
used as engineering plastics and biocompatible ma-
terials, poorly decompose in nature.l On the other
hand, poly(amino acid) and its copolymer, which are
very important for the modeling of proteins, are bio-
degradable and used as medical, cosmetic, fabric,
and metal-absorbent materials.z ~ In particular,
poly(L-ghtamic acid) and poly(L-aspartic acid) have
been studied in terms of their syntheses and char-
acterization.h~ Poly(aspartic acid) has been synthe-
sized by thermal polycondensation of aspartic acid
and ammonium salts of maleic acid and malic acid
to form poly(succinimide) (PSI) with relatively low
molecular weight, followed by hydrolysis. On the
other hand, high molecular weight PSI was prepared
by the polycondensation of L-aspartic acid (ASP)
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in the presence of a large amount of phosphoric acid
as the catalyst and solvent under reduced pressure.y
However, this synthetic method has the disadvan-
tage of isolating PSI from a reaction mixture, be-
cause the remaining phosphoric acid is difficult to
remove. Thus, the synthetic procedure was desired
to be improved in order to produce PSI in a com-
mercial scale. Recently, we reported that PSI was
easily prepared by the polycondensation of ASP us-
ing a catalytic amount of acid.8 The molecular weight
of obtained PSI was sufficiently high as the M. of
over 60,000, so that we are interested to apply it as

a thermoplastic resin and other raw materials.
However, PSI needs to improve its thermoplastic
property, because it was decomposed without melt.
For applying PSI as novel materials, we attempt to
synthesize the copolymer based on the succinimide
unit through the polycondensation of ASP with the
appropriate comonomer.

In this article, we report the acid-catalyzed poly -
condensation of ASP with 6-aminocaproic acid

(ACA) that produced poly(succinimide-co-6-amino-
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Table I. Polycondensation of L-Aspartic Acid (ASP) and6-Aminmaproic Acid (ACA)with Phosphoric Aci&

MeOH-Insoluble Copolymer MeOH-Soluble Copolymer

Mol Fraction Mol Fraction Mol Fraction
of ASP in of Succinimide of Succinimide

Monomer Feed Yield Unit in Copolymer,b Yield Unit in Copolymer,b
mol ’70 % mol 70 M. (MW/Mn)c % mol 70 Mm (MW/Mn)c

90
80
70
60
50
40
30
20
10

99
98
84
80
52

0
0
0
0

90
82
76
66
63
—
—
.
—

24,000 (1.84)
18,000 (2.02)
14,000 (1.64)
11,000 (1.52)
10,000 (1.43)

—
—

—

o
0
9

10
18
33
31
42
47

—
—

53
69
43
40
35
21
20

—
—

2,700 (1.62)
2,900 (1.52)
3,100 (2.16)
4,800 (1.10)
4,000 (1.24)

n.dd
n.d”

*Solvent, mesithylsne/sulufolane; temp., 180”C; time, 4.5 h.
bDeterminedby ‘H-NMR spectra.
“ Determinedby SEC in DMF using polystyreneas a standard.
dThe molecularweightcould not be measured,becausethe polymer was insoluble in DMF.

caproic acid) (poly(SCI-cO-ACA)) without gelation, EXPERIMENTAL
and its thermal properties were then characterized. In
addition, this copolymer was easily hydrolyzed to Materials and Measurements

poly(aapartic acid-co-6-aminocaproic acid) (poly(ASP- L-Aspartic acid (ASP) was obtained from Mitsub-
CO-ACA)), which exhibited the biodegradability. ishi Chemical Corporation and 6-aminocaproic acid

(ACA) was purchased from Tokyo Che-mical In-
dustry Co., Ltd. lH NMR spectra were measured

fg-OH * NH2-(CH2)5-C-OH with a Bruker ASX300 NMR spectrometer. Molec-

H2Nd% ‘
:-OH

o
ASP

; ular weight of copolymer was estimated using DMF
ACA solution containing 10 mmol. L-l of LiBr as an

eluent by gel permeation chromatography (GPC)
(column: TSK-GEL (GMHH~-M+G 2000HHR), de-

in mesithylene / sulfolane tector: RI, standard polystyrene). Decomposition

H3POd, 180 ‘C, 4.5h

poly (SC1-c@ACA) II
NaOH aq. soln.

IO“C, 20 min At.
1 I I I I I I I I

9876543210
?ilppm

lL
,..

Jn Figure 1. ‘NMR spectrum of poly ( SCI- CO-ACA )
poly (ASP-C&ACA) (SCI/ACA = 76/24) in DMSO-d,.
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Figure 2. ‘NMR spectra of poly ( SCI-CO-ACA) in
DMSO-cf,; SCI/ACA = 76/24 (a), 63/37 (b), and 35/
65 (C).

temperature was measured with Seiko SSC-5200 and
TG/DTA220 under a nitrogen flow with heating rate
of 10°C/min. Glass transition temperature of the
polymers, taken as the midpoint of the change in
slope of the baseline, was measured with SSC-5200
and DSC220 under the same condition as TG/DTA
measurement.

Polycondensation

A typical procedure for the polycondensation of
ASP with ACA is as follows: ASP (2.5 g, 19 mmol),
ACA (1.1 g, 8.1 mmol), and 85% phosphoric acid
(0.25 mg, 2.2 mmol) in mesithylene/sulfolane (16

~~
o 20 40 60 80 100
Mole fraction of SCI unit in copolymer (mole-O/~)

Figure 3. Plots of T~(A), Tg(0), and7’m(0)vs. mol
fraction of SCI unit in copolymer.
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Figure 4. ‘NMR spectrum of sodium salt of poly (ASP-
CO-ACA) in D20.

mL/5 mL) were placed in a 100 mL flask equipped
with a Dean–Stark trap. The reaction mixture was
refluxed with stirring at 180”C for 4.5 h. Mesithylene

was evaporated from the reaction mixture under re-

duced pressure. The residual crude product was pu-
rified by reprecipitation with DMSO–MeOH and
then the precipitate was filtered off and dried in
vacuum to yield the MeOH-insoluble polymer (2.3
g, 84% yield). Further, the MeOH solution was di-
alyzed against water for 24 h and then Iyophilized
to give the MeOH-soluble polymer (0.25 g, 9% yield).

Alkali Hydrolysis

To 0.1 N NaOH aqueous solution (10 mL) was
dropped poly(ASP-co-ACA) (100 mg) with stirring
in a ice bath for 20 rein, and then polymer was dis-
solved to the solution. This polymer solution was
dialyzed against water for 24 h and then lyophilized.

Biodegradability

The biochemical oxygen demand (BOD) and total
organic carbon (TOC) of the alkali hydrolyzed co-
polymer toward activated sludge were measured at
25 t 1°C for 28 days, using the solution (300 mL)
with 30 mg. L-l of sludge concentration and 100
mg. L-l of polymer concentration.
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RESULTS AND DISCUSSION

Table I lists the results of the polycondensation of
ASP and ACA using phosphoric acid as a catalyst
in mesithylene / sulfolane under reflux for 4.5 h. The
yield of the MeOH-insoluble copolymer decreased
from 99 to 52% with increasing molar ratio of ACA
in the monomer feed, and no MeOH-insoluble co-
polymer was obtained when ASP in the monomer
feed was 40 mol-% or below. On the other hand, the
MeOH-soluble copolymer was not obtained for 90
and 80 mol-~o of ASP in the monomer feed and the
yield of the MeOH-soluble copolymer increased from
9 to 47% by increasing the molar ratio of ACA in
the feed.

The copolymer composition was determined using
the area ratio between the methine proton of the
succinimide ( SCI ) unit and the methylene protons
of the ACA unit. The compositions of the SCI unit
in the MeOH-insoluble and soluble copolymers
tended to be slightly higher than those of ASP in
the monomer feed. This means that the reactivity
of ASP is higher than that of ACA during the acid-
catalyzed polycondensation.

The weight-average molecular weight (Mu ),
which was determined by GPC in DMF using a
polystyrene calibration curve, decreased from 24,000
to 10,000 with increasing SCI unit in the MeOH-
insoluble copolymer, whereas the A4wincreased from
2700 to 4800 with decreasing SCI unit in the MeOH-
soluble copolymer. The molecular weights of the co-
polymers with 21 and 20 mol-% SCI units could not
determined, because they were insoluble in DMF.

The MeOH-soluble copolymers with the 35 mol-
% SCI units or above were soluble in DMSO, DMF
and con.c-HzSO~. On the other hand, the MeOH -
insoluble copolymers with the 20 and 21 mol-’% SCI
units were soluble only in cone-HzSOi. This volu-
bility is similar to that of poly ( 6-aminocaproic acid),
i.e., nylon 6, which indicates that the copolymer with
about 20 mol-% SCI units has intermolecular hy-
drogen bonding due to the amide groups as well as
the polyamide.

Figure 1 shows the lH-NMR spectrum of the co-
polymer with 76 mol-% SCI unit. The signals at 7.4,
8.2, and 8.4 ppm are assigned to the amide protons,
those at 4.4-4.6 and 5.1-5.3 ppm and at 2.4-3.0 and
3.1-3.2 ppm are assigned to the methine and meth-
ylene protons of the SCI unit, respectively. The ob-
servation of a few chemical shift values for the amide
and methine protons was caused by the difference
in the copolymer sequence, such as the SCI and SCI
units, the SCI and ACA units, and the ACA and
ACA units ( Chart 1). Figure 2 shows the lH-NMR

spectra of the copolymers with 76, 63, and 35 mol-
% SCI units. By increasing the ACA unit, the in-
tensities of signals at 7.4 and 8.3 ppm due to the
amide protons and at 4.4-4.6 ppm due to the imide
methine protons increased, whereas the intensities
of signals at 8.35 ppm due to the amide protons and
at 5.1–5.3 ppm due to imide methine protons de-
creased. Therefore, the decreased signals are attrib-
utable to the sequence of the SCI and SCI units,
and the increased signals to the SCI and ACA units
and the ACA and ACA units.

o

“o

-scl-scl-

0

3–(CH2)5-C-N “-
II H
o 0

-SCl-ACA-

–(cHz)s-:-fl- (cH2)5-c-N–
II H

o ““ o ““

-ACA-ACA-

For the lH NMR spectra of MeOH-insoluble and
MeOH-soluble copolymers, there was not obvious
difference in copolymer structure except for copol-
ymer composition.

The thermal properties, decomposition temper-
ature ( Td), glass transition temperature ( Tg ), and
melting temperature ( Tm ) of poly ( SCI- CO-ACA )
are shown in Figure 3. Poly ( succinimide ) did not
exhibit a glass transition property, and decomposed
at 424°C without melting. In contrast, poly ( SCI-
CO-ACA ) had glass transition and melting temper-
atures. The T~ values for the copolymer with 90-63
mol-$% SCI units were observed to be 146–75”C. The
Tm, which was not obvious from the differential
scanning calorimetric measurement, was determined
by macroscopic flow measurement, and appeared for
the copolymers with less than 76 mol-% SC1 units.
The 2?’. decreased from 227 to 168°C with a decrease
from 76 to 40 mol -% SCI units, and increased from
180 to 205°C with a decrease from 35 to 20 mol-’%.
The T~ decreased from 424 to 322°C with decreasing
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SCI units. Therefore, poly ( SCI-CO-ACA ) melts
under the Td, which is expected to allow its use as
a novel thermoplastic materials.

The hydrolysis of poly ( SCI-CO-ACA ) was car-
ried out using 0.1 N NaOH aqueous solution in or-
der to confirm its biodegradability. Figure 4 shows
the lH-NMR spectrum of the sodium salt of the
alkali-hydrolyzed copolymer in deuterium oxide at
80”C. The signals at 4.2 and 4.4 ppm and at 2.5-
2.8 ppm were assigned to the methine and meth-
ylene protons of the aspartic acid unit, respectively.
The methylene protons of the ACA unit were also
represented in the spectrum. Because the signals
due to the methine and methylene protons of SCI
unit disappeared, the hydrolysis of POIY( imide
amide ) completely proceeded. The two chemical
shift values of the methine proton were caused by
the different ring-opening manner, i.e., a- and (3-
openings. The ratio of a- and @-openings, which
was determined by the area ratio of the lH NMR
spectrum, was estimated to be 22/78, which indi-
cated that the (3-opening predominantly occurred
rather than the a-opening.

0 ~-openmg

a unit p unit

Biodegradability of the hydrolyzed copolymer,
sodium salt of poly ( SCI- CO-ACA ), was evaluated
by a value based on biochemical ( BOD ) measure-
ment using activated sludge at 25 * 1“C for 28 days.
Poly ( SCI - CO-ACA ), whose total organic carbon
( TOC ) was 59’%, exhibited biodegradability as the
BOD /the total oxygen demand ( TOD ) of 63%.
Poly ( SCI-CO-ACA ), which did not exhibit biode-
gradability under the similar condition, is expected
to be biodegradive after hydrolysis in nature.

CONCLUSION

The polycondensation of L-aspartic acid with 6-
aminocaproic acid using phosphoric acid proceeded
without gelation to form the solvent soluble co-
polymer, poly ( succinimide- co-6 -aminocaproic
acid ). A melting temperature was observed for the
copolymer with the appropriate composition, so
that poly ( succinimide - co-6 -aminocaproic acid ) is
expected to be used as a novel thermoplastic
material. Poly ( aspartic acid- co-6 -aminocaproic
acid ), which was obtained by the alkali-hydrolysis
of poly ( succinimide - co-6 -aminocaproic acid ),
showed biodegradability toward activated sludge
microorganisms.
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