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Poly(pentamethylene oxamide) exhibits excellent mechanical, thermal,

and water absorption properties, and is suitable for the fabrication of

plastics, as well as parts in the automobile and electronics industries.

Recently, the demand for natural products to address environmental

problems and the depletion of non-renewable resources has increased

greatly. As part of this trend, it is thought that sustainable biobased

polymers can be produced to compete, or surpass, the use of existing

petroleum-based polymers.1 For instance, 1,5-pentanediamine (also

known as cadaverine) is a potential renewable candidate to replace

hexamethylenediamine in the production of polyamide (an important

polymer in the plastic and textile industries). To date, however, yields

of 1,5-pentanediamine have been too low for commercialization,2, 3 and

only recently has industrial-based research produced cadaverine on a

mass scale.4

Cadaverine can be used to produce a variety of polyoxamides—

a class of polyamides that include the shortest possible diacid link

(an oxalyl unit) in their parent chain—that have recently gained a

substantial amount of attention. These materials are characterized by

their high chemical resistance, melting temperature, modulus, and

UV light stability, as well as their low water absorption and solubil-

ity properties.5–7 They include poly(pentamethylene succinamide),3

poly(pentamethylene hexanediamide),8, 9 poly(pentamethylene decane-

diamide),2, 10 and poly(pentamethylene eicosanediamide),11 which are

also known as PA54, PA56, PA510, and PA520, respectively. In par-

ticular, it has been shown that PA510 has a low water uptake com-

pared with poly(�-caprolactam) and poly(hexamethylene adipamide)2

(known as PA6 and PA66, respectively). This means that PA510 has

good dimensional stability and mechanical properties, and that it is

well-suited for energy-friendly transportation (because of its low den-

sity). It has also been demonstrated that PA56 exhibits good thermal

properties and a special crystallization behavior.9 Despite these attrac-

tive engineering properties, polyoxamides have not yet been widely

commercialized. Ube Industries Ltd (Japan), however, have recently

initiated pilot commercial runs for poly(nonamethylene oxamide)—

PA92—which has been intensely studied for many years and has been

shown to have good properties.6, 12

Figure 1. Measured (A) storage modulus and (B) tan delta for the novel

biobased polyoxamide poly(pentamethylene oxamide)—PA52—and a

commercially available polyamide—poly(�-caprolactam), or PA6—as

a function of temperature.

In this work,4 we report the preparation of a novel biobased poly-

oxamide: poly(pentamethylene oxamide) or PA52. We initially syn-

thesized the PA52 from dibutyl oxalate and 1,5-pentanediamine with

the use of a conventional two-step solution (i.e., pre-condensation in
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Table 1. Summary of the properties of PA52, compared with those of three commercially available polyamides, i.e., PA46,14, 15 PA6, and PA6614).4

PA46: Poly(tetramethylene adipamide). PA66: Poly(hexamethylene adipamide).

Polyamides

Property PA52 PA46 PA6 PA66

Melting temperature (◦) 302 295 220 258

Heat of fusion (Jg�1) 90.7 91.0 57.0 50.0

Crystallization enthalpy (Jg�1) 85.6 – 40.0 49.0

Glass transition temperature (◦) 125 80 54 60

Decomposition temperature (◦) 449 350 448 458

Water absorption (wt%) 3.2 12.4 10.0 9.0

solution and post-condensation in the solid state) polymerization tech-

nique. In addition, we performed several measurements to character-

ize PA52. Compared with commercially available polyamides—PA6,

PA66, and PA46, poly(tetramethylene adipamide)—we find that PA52

has a high melting temperature, low water absorption, and excellent

crystallization characteristics (see Table 1). PA52 is thus well suited

for high-temperature applications in the thermoplastic industry.

Our use of solvents in the preparation of PA52, however, can have a

negative environmental impact—particularly in industrial situations—

and is thus undesirable. To address this challenge, we have therefore

also developed a spray polymerization technique13 for the rapid syn-

thesis of polyoxamides (e.g., PA52) at room temperature, without the

need for solvents and under the atomizing action of nitrogen gas. Al-

though we find that the PA52 synthesized via either of our approaches

has very similar properties, the conventional solution polymerization

technique provides higher polymer yields than our spray polymeriza-

tion method. We expect, however, that with scale up, we will be able

to produce greater polymer yields with our spray polymerization ap-

proach.

To further explore the properties of our polymerized PA52, we per-

formed dynamic mechanical measurements on compression-molded

film samples (30 � 10mm in size) of PA52, as well as of commercially

available PA6 (for comparison). For these tests we used a Q800 DMA

(TA Instruments) in tensile mode and performed the measurements at

a frequency of 1Hz and a heating rate of 5◦C/min (over a temperature

range of 30–250◦C and 25–215◦C for the PA52 and PA6, respectively).

From the results of these tests (see Figure 1) we find that the storage

modulus of PA52 is significantly higher than that of PA6 at tempera-

tures below 130◦C. We attribute this to the high density of hydrogen

bonds in the biobased polymer (i.e., PA52), which gives rise to a better

stability at high temperatures than PA6. In addition, the glass transi-

tion temperature we obtain for PA52 (125◦C) is about 75◦C higher than

that of PA6 (about 50◦C). These findings confirm the excellent crystal-

lizability and mechanical properties of the copolymer (PA52) at high

temperatures compared with those of PA6.

In summary, we have used both a conventional two-step solution

polymerization technique and a new spray polymerization method to

synthesize a novel biobased polyoxamide, PA52. We find that this ma-

terial exhibits a high melting temperature, good mechanical proper-

ties, low water absorption, and excellent crystallization characteristics.

PA52 is thus suitable for the production of high-performance parts in

the automobile and electronics industries. We attribute the useful prop-

erties to the high density of double hydrogen bonds within the polyox-

amide, which provide excellent dimensional stability. As efforts to in-

crease the efficiency of generating 1,5-pentanediamine from renewable

resources continue to accelerate, PA52 has great potential to compete

with and replace fossil-fuel-based polyamides (e.g., PA6 and PA66) in

the near future. We are now continuing our work with further inves-

tigations that are focused on the morphology, crystallization behavior,

and kinetics of PA52. We are also studying potential applications of the

material, e.g., as a resin for fiber-reinforced thermoplastic composites.
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9. L. Morales-Gámez, D. Soto, L. Franco, and J. Puiggalı́, Brill transition and melt crys-
tallization of nylon 56: an odd–even polyamide with two hydrogen-bonding directions,
Polymer 51, pp. 5788–5798, 2010.

10. P. Villaseñor, L. Franco, J. Subirana, and J. Puiggalı́, On the crystal structure of odd–
even nylons: polymorphism of nylon 5, 10, J. Polym. Sci. Part B Polym. Phys. 37,
pp. 2383–2395, 1999.

11. X. Cui and D. Yan, Synthesis and characterization of novel odd–even nylons based on
eicosanedioic acid, J. Appl. Polym. Sci. 93, pp. 2066–2071, 2004.

12. L. Franco, J. A. Subirana, and J. Puiggalı́, Structure and morphology of odd polyox-
amides [nylon 9, 2]. A new example of hydrogen-bonding interactions in two different
directions, Macromolecules 31, pp. 3912–3924, 1998.

13. C. Cheng, F. N. Mutua, Y. Dong, B. Zhu, and Y. He, Bio-based poly(pentamethylene
oxamide) synthesized by spray/solid-state polycondensation, Polym. Bull., 2017.
doi:10.1007/s00289-017-2023-1

14. G. Wypych, Handbook of Polymers, Elsevier, 2016.
15. D. Glasscock, W. Atolino, G. Kozielski, and M. Martens, High performance

polyamides fulfill demanding requirements for automotive thermal management com-
ponents, DuPont Eng. Polym., 2008.

c 2017 Society of Plastics Engineers (SPE)


