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ABSTRACT: A novel type of aqueous soluble polyamides were prepared as renewable substitutes for ecologically benign poly(aspartic
acid) by polymerization of succinic acid ester and hexamethylene diamine in the presence of citric acid ester. The copolymerization
resulted in the formation of poly(amide imide) intermediates, which were hydrolyzed to aqueous solutions of polyamides. The hydro-
lyzed products were confirmed to be copolymers of succinamide and citramide with COOH side chains, similar to poly(aspartic
acid). The polyamides showed strong chelating abilities to Ca** and Pb>" metals, comparable to poly(aspartic acid). Interestingly,
they also demonstrated antifreeze activities in water by reducing the ice fractions. The polyamides represent a new class of metal
chelators and antifreeze protein mimics derived from succinamide and citramide. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014,

131, 39807.
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INTRODUCTION

Aqueous soluble polyamides can be structurally designed
and used as proteinaceous materials to mimic natural proteins
and provide unique cryoprotection for living cells, biologically
active substances and food, as natural antifreeze proteins do."?
In addition, they have played important roles in metal chela-
tion, ion exchange, drug delivery, fiber modification and inhibi-
tion of gas hydrate crystal growth in deep sea drilling.”™® For
preparation of water soluble polyamides, several methods can
be used: (a) polycondensation of amino acids to form polypep-

tides and polyamides’™?; (b) polymerization between certain

hydrophilic diacids (or acid derivatives) and diamines"*'%;
and (c) enzymatic production of certain poly(amino acid)s by

. 9 )
bacteria.”1?~%!

Among the water-soluble polyamides, poly(aspartic acid)s
(PASPs) have been recognized as eco-friendly water-soluble
synthetic poly(amino acid)s and used as dispersants, metal
chelators, detergent builders, and in biomedical applications.
PASPs also possess antifreeze properties by reducing ice frac-
tions in water."” At present, PASPs are prepared by thermal
polycondensation of aspartic acid to poly(succinimide) (PSI)
intermediate and subsequent hydrolysis of PSI, as shown in
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Scheme 1 for the synthetic approach. Recently, poly(tartara-
mide)s, prepared from L-tartaric acid, have been shown to
function as artificial antifreeze polymers which strongly
interfere with the crystallization of water.”* Poly(asparta-
mide)s, another polymer with a peptide backbone structure
prepared by reaction between alkylamines and poly(succini-
mide)s, have also been tested as gas hydrate crystal inhibi-
tors.”>  Poly(aspartamide)s also exhibit good
biodegradability. Because the aspartic acid is now made
from plant sources, PASPs and poly(aspartamide)s are
renewable resource-based materials. They have also been
shown to protect against calcium carbonate or barium sul-
fate scale formation in oilfields.”*>” PASP and aspartic acid

seawater

oligomers resemble functional domains of aspartic acid-rich
proteins and provide valuable models for understanding
how these proteins regulate mineralization in nature or in

vivo.?

In this study, we report preparation of water soluble polya-
mides based on succinic acid and citric acid in a method par-
tially analogous to synthesis of PASPs (Scheme 1) but different
from the latter in the raw materials used. The process is car-
ried out by copolymerizing with citric acid ester to form
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Scheme 1. Conventional synthesis of poly(aspartic acid).

poly(succinimide) segments in the main chain and subsequent =~ EXPERIMENTAL

hydrolysis (Scheme 2). The obtained succinamide-citramide  Materials

copolymers show strong chelating ability to Ca’" and Pb*"  Diethyl succinate (DES), tributyl citrate (TBC), and hexamethy-
metals, which is comparable to PASP. The polyamides also  lenediamine (HMDA), ethanol, and acetone, all in analytical
demonstrate antifreeze activities as effective as well-known  grade, were purchased from Sinopharm.

antifreeze materials such as glucose and poly(amino acid)s. In

industry, both succinic acid and citric acid are mass-produced Preparation of Water-Soluble Polyamides

by fermentation from agricultural products such as starch.**>° Polyamides were first prepared from DES and HMDA at an
Therefore, the polyamides prepared here are renewable alterna- equimolar ratio of y(DES): z(HMDA) = 1 : 1. Copolymers of
tives to PASPs or nonbiodegradable chelators such as poly(a-  DES and TBC with HMDA were prepared at equal molar ratios

crylic acid). of total esters and HMDA, namely, [x(TBC) + y(DES)]:
OH
o] o] (o]
C2H50 NH
y \’(\)\OCZHS + (x+y) " N/\/\/\/ 2 4 x C4HQOWOC4H9
? 0% S0C,He
o}
-C2H5OH
heat - CoHyOH
Il i ?H (]jl
C_(CHz)z—ﬁ—NH—(CHz)ﬁ—-—NH C—CHz—?—CH2—C—NH—(CH2}S—NH
= y O//C\OC4H9 X

(Structure 1)

heat - C4HgOH
o}
0 0
C—(CHZ)Z—ﬁ—NH—(CHZ)G-—NH C—CH;, N—(CH,)s——NH
HO
0 y 0 X
(Structure 2)
heat + NaOH
1
C"> ﬁ ﬁ (l)H ﬁ o H,C—C—ONa
I I
C—(CHg);—C—NH—(CH,)s—NH C-—CHZ—?—CHZ-C-NH—(CHZ)G—-NH C—-CHZF?—ﬁ—NH—(CHZ)ﬁ—NH
y O‘?C ~ONa J OHO k

(Structure 3)

Scheme 2. Copolymerization of diethyl succinate and hexamethylenediamine with tributyl citrate and hydrolysis products.
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Scheme 3. Branched structure of the polyamide formed from Structure 1 in Scheme 2.

z(HMDA) = 1 : 1, with x(TBC):y(DES) = 1:2,3:2,0r3:1,
respectively, giving poly(amide imide)s with variable imide
contents.

In a typical experiment, 17.2 mmol of TBC, 34.4 mmol of
DES, and 51.6 mmol of HMDA were mixed in a 250-mL
round bottom flask, and heated at 60°C in a vacuum evapo-
rator for 6 h. The mixtures were cast evenly in 10 cm X 10
cm TEFLON molds, forming white films in 24 h. The pre-
polymer films were heated in a vacuum oven at 70°C for 12
h, then at 160°C for 4 h, and finally at 200°C for 4 h, result-
ing in red strong films. Nearly 2 g of these films were heated
in a NaOH solution (pH = 14) at 80°C for 8 h, until the
samples were totally dissolved, yielding a light yellow clear
solution. The polymer solution was evaporated in a vacuum
evaporator, and the resulting solid was dried in a vacuum
oven at 60°C for 12 h. The powdered products were dissolved
in water, precipitated in large amount of ethyl alcohol, and
isolated by centrifugation. The obtained precipitates were
finally dried in vacuum.

Characterization

FTIR spectra were recorded at 4 cm
6700 FTIR spectrometer (Thermo Fisher Scientific). Dynamic
mechanical analysis (DMA) was performed with a heating rate
of 3°C min~ ' in tension mode at mechanical frequencies of
1.0, 10.0, 30.0 Hz by using a DMA 8000 dynamic mechanical
analyzer (Perkin Elmer). The samples were cut in a size of 10
mm X 3 mm X 0.5 mm. Wide-angle X-ray diffraction analysis
was performed on an X-ray diffractometer (PANalytical B.V,,
Model Empyrean) using Ni-filtered Cu Ko radiation (40 kV,
250 mA), . = 1.5418 A, in a scanning range of 20 = 3°-90°,
with a step size of 0.026° and a scanning rate of 5° min~'.
Tensile tests of the films were prepared by cutting dumbbell-
shaped samples and measured at a stretching rate of 50 mm
min~ ' according to ASTM D638-10, by using a universal ten-
sile test machine (Model CMT 6104, SANS). Three to four

1 . .
resolution on a Nicolet

Table I. Critical Extent of Reaction (p.) of Succinamide-Citramide

Copolymers
Ratio
Sample TBC DES HMDA r o Pe
1 1 2 8 1.5 0.43 0.68
2 3 2 5 2.5 0.69 0.49
8 3 1 4 4.0 0.82 0.37
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parallel samples were made in the tensile test and the data
were averaged.

'H and ">C NMR spectra were collected in D,O solutions by
using a Bruker AVANCE III 400 MHz NMR spectrometer. Sam-
ple concentrations of about 5 and 10% (w/v) were used for the
'"H and '"’C analyses, respectively. Two-dimensional (2D)
"H-">C-heteronuclear single quantum coherence ('H-'">C-
HSQC) spectra were collected with a Bruker pulse sequence
(HSQCETGP). The weight-average molecular weights (M,,) and
number-average molecular weights (M,) were measured by
aqueous GPC (Agilent 1100 GPC system) relative to narrow dis-
tribution polystyrene sodium sulfonate standards and Pullulan
standards on a PL aquagel-OH 8 um MIXED-H column (300
X 7.5 mm?), using a water mobile phase, a flow rate of 1.0 mL
min~ ' and a refractive index detector. Differential scanning cal-
orimetric analysis was conducted on Diamond DSC instrument
(Perkin Elmer).

The calcium and lead ion chelating capabilities of the obtained
polyamides were determined using a Ca®"- and a Pb*>"- selec-
tive electrode, respectively, and an ion meter according to the
procedures described in previous studies.’' > Briefly, a sample
(10.0 mg) was dissolved in 50 mL of a pH = 7.0 aqueous
solution, which had been adjusted to give a CaCl, concentra-
tion of 1.0 mmol L™! (or a PbNO; concentration of 1.0 mmol
L") and a KCI concentration of 0.08 mol L™'. The resulting
mixture was stirred at 30°C for 10 min and the Ca®" ions

—1632
1540
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2

1647
— 1264

1698
— 154
261

%
—1

(D) 3:1

2000 1800 1600 1400 1200 1000
Wavenumbers/cm!
Figure 1. FTIR spectra of polymers formed between HMDA and different
esters: (A) pure DES; (B) mixture of x(TBC):y(DES) = 1 : 2; (C) mixture
of x(TBC):y(DES) = 3 : 2; and (D) mixture of x(TBC):y(DES) = 3 : 1.
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Figure 2. X-ray diffraction diagrams of polymers formed between HMDA
and different esters: (A) pure DES; (B) mixture of x(TBC):y(DES) = 1 : 2;
(C) mixture of x(TBC):y(DES) = 3 : 2; and (D) mixture of x(TBC):y(DES)
=3:1

(or Pb*>" ions) in the solution were determined using a Ca®™"
ion electrode (or Pb*" ion electrode) (Shanghai Precision &
Scientific Instrument) and an ion meter (Shanghai Precision &
Scientific Instrument, Model PXB 720A). The chelated metal
amount was calculated by subtracting the free metal amount
from the initial total amount of the metal. The metal concen-
trations were found by comparison with standard log [M*"]
versus millivolt plots.

Antifreeze activities were evaluated by their thermal behavior
during the thawing of the frozen solutions of the materials,
according to the method reported by Mitsuiki.'” Briefly, 5%
(w/w) aqueous solutions of each material, of which the con-
centration was accurately known, and pure water were used
for the measurements of the antifreeze activities. The solu-
tions and pure water (ca. 15 mg) were sealed in aluminum
pans, respectively, and accurately weighed. In the DSC mea-
surement, each sample was scanned from —22 to +30°C at
3°C min !, after cooling to —22°C at 5°C min~ ' and hold-
ing at —22°C for 10 min. The antifreeze activity (AF) of each

1.82E+09 0.35
1.62E+09 850
1.42E+09
0.25
= 1.22E+09
&
2 1.02E+09 020
3 E
E 8.18E+08 0.15 =
>
6.18E+08
0.10
4.18E+08
2.18E-+08 8.0z
1.80E+07 0.00
250 450 650 850 1050 1250 1450 165.0 185.0

Temperature/°C

Figure 3. Dynamic mechanical analysis results of the copolymer film pre-
pared with x(TBC):y(DES) = 1 : 2 at a frequency of 1, 10, and 30 Hz.
The storage modulus and loss tangent curves are shown as hollow squares
and triangles, respectively.
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Figure 4. GPC retention profiles of hydrolyzed products prepared from a
mixture of x(TBC):y(DES) = 1 : 2 (solid line); 3 : 2 (dashed line); and
3 : 1 (dash-dotted line).

sample was defined as the grams of unfrozen water in its
solution per gram of the solid sample and was calculated
using eq. (1),"

AF=(unfrozen water)/(solid sample)
:{[AHwater(l_w) _AHAKI _w)/[AHwater(l _W)]}/W (1)
= [AHwater (1 _W) - AHA} / (AHwaterW)

where w is the weight fraction of the sample in the solution,
AH, and AH,,. is the heat of fusion of a sample solution and
pure water, respectively.

RESULTS AND DISCUSSION

Formation of Poly(succinamide-co-succimide) Polymers based
on Succinic Acid and Citric Acid

The polymerization reactions used in the present study are
shown in Scheme 2. Diethyl succinate (DES) and tributyl citrate
(TBC) were prepolymerized with hexamethylenediamine
(HMDA) at 70°C, resulting in amide linkages (Structure 1 in
Scheme 2) after elimination of the ethyl alcohol and butyl alco-
hol. Continuous heating at 160°C for 4 h, and then at 200°C
for 4 h led to formation of solid films with imide rings (Struc-
ture 2 in Scheme 2).

Because of the presence of the trifunctional monomer TBC, the
resulting polymers can possess a branched structure (see

Table II. Molecular Weights (M,, and M,,) of Succinamide-Citramide
Copolymers

Ratio of
x(TBC):y(DES) 1:2 3:2 3:1
Retention 8.88 8.69 7.97
volumes of
eluting
peaks (mL)
M., 489 x10° 131 x10* 6.20 x 10%
M 256 x 10° 229 x10% 4.79 x 10°
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Figure 5. FTIR spectra of hydrolyzed polymers formed between HMDA and different esters: (A) mixture of x(TBC):y(DES) = 1 : 2; (B) mixture of

x(TBC):y(DES) = 3 : 2; and (C) mixture of x(TBC):y(DES) = 3 : 1.

Scheme 3). According to Flory’s theory, the critical extent of
reaction (p.) of different samples for the gel point can be calcu-
lated by eq. (2)
1
= (2)
P )7

where r is the ratio of the amino group and ester group, p is
the molar fraction of the ester group from the branching unit
TBC in the total ester group in both TBC and DES, f is the
functionality of TBC (f = 3). The calculation results (Table I)
indicate that gel formation can occur in the polymerization pro-
cess. The higher the TBC content, the easier the gel formation.
This was verified by the observation that the reaction mixtures
cast in TEFLON molds formed white insoluble gel films in
24 h.

It is noteworthy that formation of Structure 2 (Scheme 2)
occurs simultaneously during the polymerization. Figure 1(B-D)
illustrate FTIR spectra of the post-polymerized solid films pre-
pared from x(TBC):y(DES) = 1:2, 3:2, 3 : 1, respectively. For
comparison, FTIR spectrum of polyamides formed by equimolar
amount of DES and HMDA in the absence of TBC is displayed
in Figure 1(A). The amide I, II, and III vibrational modes
are observed at 1632, 1540, and 1256 cm ', respectively, in
Figure 1(A). The strong amide I and amide II bands are clearly
observed at 1647 and 1542 cm™ " in the polymers formed between
HMDA and various mixtures of DES and TBC in Figure 1(B-D).
Two new bands at 1773 and 1698 cm™' in Figure 1(B-D) are
attributed to in-phase and out-of-phase stretching mode of the
two C=O groups in the imide ring, formed from the citrate moi-
ety.**> Our quantum mechanical calculations of the vibrational
normal modes of the succinimide ring have confirmed the assign-
ments of the imide bands at 1773 and 1698 cm™'.>> The upward
shift of the amide I band at 1647 cm ™" in the copolymers indi-
cates the hydrogen bonding interactions occurring in the amide

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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linkages become weaker, when compared with the interactions
in the pure poly(succinamide) formed between DES and
HMDA, most likely due to the disruption of such H-bonding
in the presence of the imide rings.’® The FTIR spectra in Fig-
ure 1 are consistent with the formation of Structure 2 in
Scheme 2.

To examine the effect of imide rings on the crystallinity,
X-ray diffraction analysis was performed for the obtained
polymers. As shown in Figure 2(A), the pure poly(succina-
mide) sample displays three relatively sharp peaks at 20 =
7.3°, 20.8°, and 23.4°, whereas the copolymers only demon-
strate two broad peaks at 20 = 8.6° and 19.8° on the
top of the amorphous background in Figure 2(B-D), indi-
cating significant disruption of the potential to form
highly ordered lamellar structures in the copolymers. There-

fore, the obtained amide-imide copolymers are mainly
composed of amorphous structures, unlike the pure
poly(succinamide).

Dynamic mechanical analysis was performed for the copoly-
mer films. The tan J curves in Figure 3 show that the sam-
ple prepared with x(TBC):y(DES) = 1 : 2 has two glass
transition temperatures, one at 51.9, 57.7, and 60.7°C, while
the other appearing at 96.1, 105.2, and 109.8°C, when meas-
ured at a frequency of 1, 10, and 30 Hz, respectively. The
higher T, transition can be attributed to the chain segments
with the rigid imide rings, while the lower one can be
ascribed to the polyamide segments free from the imide
rings.

Hydrolysis of Poly(succinamide-co-succimide) Intermediate to
Water Soluble Polyamides

The imide ring structures are hydrolyzable in alkaline condi-
tions. As shown in Scheme 2, two types of ring scission in
Structure 2 in NaOH solutions lead to water soluble products

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39807
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Figure 6. Scale expanded >C NMR spectrum of the hydrolyzed copolyamide in D,O with x(TBC):y(DES) in different chemical shift regions.

(Structure 3 in Scheme 2). GPC analysis of the hydrolyzed
products showed that the polymers had M, ranging from 4.89
X 10” to 6.20 X 10" (Figure 4) (see Table II for the M,, M,,
values). It seems that the molecular weights of the hydrolyzed
products increase moderately with increasing amount of TBC
used. The broad chromatograms in Figure 4 imply the difficulty
in separation of the branched structures with different hydrody-
namic radii.
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FTIR spectra of the hydrolyzed polymers show very intense
bands at 1556-1569 cm™ ' and at 1434-1414 cm™' associated
with the carboxylate side chains (Figure 5). The amide I band
for the main chain amide groups are seen as a weak shoulder at
1641 cm ™.

NMR spectra were obtained for the hydrolyzed products with
x(TBC):y(DES) = 3 : 1. Ring scission of the imide group in

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39807
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13C chemical shift (ppm) Assignment 13C chemical shift (ppm) Assignment

182.48 side chain COONa in j subunit 45.84 Cs and Cy

182.02 side chain COONa in k subunit 42-38 aC

179.35 amide C1 and Cy4 in y subunit 3413 Cz and Cz in y subunit
173.15 main chain amide C4 and Cs in j subunit 30.0-27.0 BC

166.87 main chain amide C4 and Cg in k subunit 27.0-25.0 yC

75.20 Csz inj and k subunit

Note: see carbon atom labeling in Scheme 4.

Structure 2 led to two types of repeating units (j and k) in
Structure 3 (see Scheme 2). In the '°C spectrum shown in Fig-
ure 6, the peaks at 182.48 and 182.02 ppm correspond to the
resonances in the carbon atoms in the carboxylate side chains
of the citrate unit in the j and k repeating units (Table IIT lists
assignment for the '’C peaks; the carbon atom labeling in the
hydrolyzed products are shown in Scheme 4). The peak at
179.35 ppm is attributed to the C=O carbon atoms in the suc-
cinamide in the y repeating units. The resonances at 173.15
and 166.87 ppm are due to C=O carbon atoms in the citra-
mide in the j and k repeating units. The 45.84 ppm peak is
due to the methylene carbons in the citramide moiety (C, and
C,), while the 34.13 ppm peak is attributed to the methylene
carbons in the succinamide moiety (C, and Cs;). The peaks
between 42 and 38 ppm correspond to the «C atoms in the
HMDA moiety, and those between 30 and 27 ppm to the fC
atoms, while those between 27 and 25 ppm to the yC atoms in

Scheme 4. Carbon atom labeling in the hydrolyzed products.
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the diamine moiety. The '>’C NMR spectrum in Figure 6 con-
firmed that the obtained product is consistent with Structure 3
in Scheme 2.

The ' H NMR spectrum in Figure 7 indicates that the pro-
tons in the oC atoms in the hexamethylene diamine moiety
display two broad peaks between 3.0 and 2.5 ppm. The pro-
tons in the methylene groups in the citramide moiety are
observed between 2.35 and 2.10 ppm; those in the methylene
groups in the succinamide moiety are observed at 2.02 ppm,
those in the SC in the HMDA moiety are observed between
1.3 and 1.1 ppm, while those in the yC are observed at 0.94

Two dimensional >C-"H HSQC spectrum further verified the
above assignments. As shown in Figure 8, the protons appearing
between 3.0 and 2.5 ppm are connected to the carbon atoms
between 41.27 and 39.45 ppm. The protons between 2.35 and
2.10 ppm are attached to the carbons at 45.84 ppm. The pro-
tons at 2.02 ppm are connected to the carbons at 34.13 ppm.
The protons between 1.3 and 1.1 ppm are connected to the car-
bons between 30.0 and 27.2 ppm, while the protons appearing
at 0.94 ppm are attached to the carbons appearing between 27.2
and 25.0 ppm.

Metal Chelation

The above NMR study illustrates that the hydrolyzed polya-
mides and PASP have similarity in their structures; therefore,
their metal chelating abilities are examined in this study. As a
comparison, PASP is found to have a chelating capability of
180.69 mg g~ ' toward Ca’* ion and 959.26 mg g~ ' toward
Pb*>" ion. The copolyamides prepared with a mixture of
x(TBC):y(DES) = 3 : 1 or 3 : 2 are found to have similarly
high chelating capabilities toward the Ca** ion (ca. 190 mg
gfl) and Pb** ion (ca. 1000 mg gfl) (Table IV). Hence, the
polyamides can use the lone pair electrons in the O atoms of
the carboxylic side chains and those in the N and O atoms of
backbone amide groups to bind the metals. The nearly same
atomic mass ratio Pb/Ca ~ 5.2 indicates that the chelating abil-
ity of the polyamides toward Pd remains approximately five
times that toward Ca, on a mass basis, regardless of the polyam-
ide compositions.

Antifreeze Activities
Antifreeze activities of various polyamides obtained were stud-
ied by DSC analysis. Figure 9 shows DSC thermograms of the

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39807
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Figure 7. "H NMR spectrum of hydrolyzed copolymer in D,O with x(TBC):y(DES) = 3 : 1.
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Figure 8. >C-"H HSQC NMR spectrum of the hydrolyzed copolyamide
in D,0 with x(TBC):y(DES) = 3 : 1.
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Table IV. Metal Chelating and Antifreeze Activities of Various Polyamides

aqueous solutions of the copolyamides and glucose, a well
known antifreeze substance, during the thawing of the frozen
solutions of the samples. The integrated endothermic peak
areas are used to measure the heat of fusion of a sample solu-
tion. The antifreeze activity (AF) of each sample characterizes
the grams of unfrozen water in its solution per gram of the
solid sample and was calculated using the above eq. (1) (see
Experimental). Glucose and PASP have an antifreeze activity of
1.09 and 1.18 g of H,0/g, respectively.' In Table IV, the calcu-
lated antifreeze activity of the copolyamide prepared with a
mixture of x(TBC):y(DES) = 3 : 1 is higher than that of the
other two polymers, and much higher than that of glucose or
PASP. The DSC data confirm that the depression of both the
freezing point and the ice fraction of these frozen water occur
when these polymers are added, due to inhibition of crystal
growth. This can be understood from the polymer structures
that contain hydrophilic —OH and —COOH groups for ice
binding, and a hydrophobic hexamethylene segment, which
renders the addition of further H,O molecules energetically
unfavorable.

CONCLUSIONS

Polyamides formed from diethyl succinate and hexamethylene-
diamine (nylon 6,4) can become water soluble once tributyl

x(TBC) : y(DES) = 3: 2 X(TBC) : y(DES) = 3: 1

Sample x(TBC) : y(DES) =1 :2
Ca®" (mg g~ %) chelation 163.75

Pb2* (mg g~ 1) chelation 877.97

Antifreeze activity (g of H>0O/g) 1.42

190.84 188.59
1005.83 996.15
1.57 3.22
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Figure 9. DSC curves of aqueous solutions of different samples: (A) pure
water; (B) glucose solution; (C) copolyamide prepared with a mixture of 1
x(TBC):y(DES) = 1 : 2; (D) copolyamide with x(TBC):y(DES) = 3 : 2; ’
(E) copolyamide with x(TBC):y(DES) = 3 : 1.
12.
citrate is copolymerized into the main chain and an alkaline 3
hydrolysis is used for the intermediate copolymers formed. The
hydrolyzed copolymers of succinamide and citramide are good
. Lo 14.
metal chelators and expected to be useful for mineralization
control in industry or biomimetic modulation of mineral depo-
sition. They also show antifreeze activities in water, in resem- 13
blance to the well-known antifreeze substance glucose or
synthetic polypeptide poly(aspartic acid), as well as natural anti-  16.
freeze proteins. However, isolation of large quantities of anti-
freeze proteins from natural sources such as fish, insects, plants,
fungi or bacteria, is prohibitively expensive. In oil and gas -
industry, the expensive fish antifreeze proteins can act as 6169.
hydrate crystal inhibitors with attractive biodegradability for use
in regions where high biodegradability of oilfield chemicals is 18.
preferred due to environmental concerns.”’° The present syn-
thetic process could allow for large scale manufacture of eco-  19.
friendly metal chelation polymers and antifreeze polyamides at
a low cost, and even at a lower cost than that based on synthesis (.
of poly(amino acid)s.
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