Macromolecule2006, 39, 2875-2885 2875

Synthesis and Thermal Properties of Novel Periodic
Poly(ester-amide)s Derived from Adipate, Butane-1,4-diamine, and
Linear Aliphatic Diols

Hiroaki Tetsuka, Yoshiharu Doi,* and Hideki Abe* T#

Department of Inneative and Engineered Materials, Tokyo Institute of Technology,
Nagatsuta, Midori-ku, Yokohama 226-8502, Japan, and Polymer Chemistry Laboratory,
RIKEN Institute, Hirosawa, Wako-shi, Saitama 351-0198, Japan

Receied December 1, 2005; Rised Manuscript Receéd February 24, 2006

ABSTRACT: Novel aliphatic poly(esteramide)s with a periodic sequential structure consisting of ester and
amide groups were synthesized by two-step polycondensation reactions using adipate, butane-1,4-diamine, and
linear diols with different chain lengths, ranging from 3 to 6 methylene groups. Effects of the monomeric structure
and sequential length of ester units on the thermal properties and crystalline structure of the obtained periodic
copolymers were determined by means of differential scanning calorimetry (DSC) and wide-angle X-ray diffraction
(WAXD). On the basis of DSC measurements, the melting temperatures of the periodic copolymers were higher
than those of homopolyesters consisting of the same ester units and tended to increase with an increase in amide
content. The copolymers from adipate, butane-1,4-diol, and butane-1,4-diamine had especially high thermal stability
compared with the poly(tetramethylene adipate) homopolyester, and the melting temperatures detected were above
200°C. The X-ray diffraction patterns of periodic copolymers were variable with some copolymers displaying
patterns similar to homopolyesters while other copolymers had diffraction patterns that were very different than
the homopolyester, dependent on both the monomeric structure of the ester units and the sequential length of the
ester units. The formation of different chain packing structures compared to homopolyesters induced the remarkable
enhancement of thermal stability, suggesting that molecular chain arrangements based on the intermolecular
hydrogen bond interactions play a decisive role in the formation of a thermally stable crystalline region of periodic
copolymers and that the formation of intermolecular hydrogen bonds is strongly dependent on both the monomeric
structure of ester units and the sequential length of ester units. Furthermore, the effects of annealing treatment on
the thermal properties and molecular chain arrangements of periodic copolymers were investigated.

Introduction that the copolymers were degraded by lipase. Castaldo®et al.
The production of polymer materials with excellent physical syr!the3|zeo! block poly(e_stels}m;ﬁle). by tr\:vo-step poly_conplen-
properties and biodegradability using naturally occurring chemi- S&tion reactions using adipoy o oride, hexane-1,6-diamine, and

cals, such as dicarboxylic acids, amino acids, hydroxy! acids, d¢cane-1,10-diol. Goodman et*also synthesized block and
and diols, has become an important topic in polymer industry randqm a_tllphatlc poly(este1am|Qe)s from adipic acid, t\glxane-
because of the declining amounts of petroleum and environ- 1,g-d|am|nt_e, and butane-l,fl-dlol. I_nata ef ‘?'“d Seppla et
mental issue$? Aliphatic polyesters can be synthesized by al; syn.the5|zed pon(e;teamdg)s using the blsoxagollne group
polycondensation reaction or ring-opening polyesterification 25 chain-extender for linear oligoester. From the literature cited

using the naturally occurring chemicals and their derivatives abc_)zj/e, thither(;nal and mgchanijcal propegieﬁ orf poly(ester q
as building blocks and are currently the most important family 2Mide)s showed a strong dependence on both the content an

; ; ; distribution of the amide units in the main chains.
of biodegradable polymers. However, in general, their thermal . . : !
and mechanical properties are not optimal for a wide range of Previously, _Abe aqd DO'_ synthes_lze_d novel b|odegra_da_ble
industrial applications. On the other hand, synthetic aliphatic pon(ester—am@e)s W'_th defined periodic sequence consisting
polyamides are generally not biodegradable but have high of ester and amide units by two-step polycpndensatlon reactions
thermal stability and mechanical properties because of strong"S'"9 dglnethyl succinate, butane-1,4-diol, and butane-1,4-
intermolecular hydrogen-bond interactions. Combining of the d|am|ne._ The structure, physical properties, and enzymatic
favorable properties of both aliphatic polyesters and polyamides d€gradation of the copolymers were investigated. The melting

may lead to polymer materials that have both superior physical temperatures pf periodic poly(estemide)s were much higher
properties and suitable biodegradability. than the melting temperature of the homopolyester, and the

- f : values varied in a large temperature range dependent on the
syﬁ%;asri,zg]; ?;t)\/};?iiggig%?ﬁ'g%gi;ggﬂ?i? g/.i)t/)s_en length .o_f the periqdic sequences of .the ester and amide units.
thesized alternating poly(esteamide)s from adipic acid and In ‘?‘dd.'“on’ the wide-angle X-ray diffraction pa“e”?s of Fhe
N,N-1,4-hexanediylbis(6-hydroxyhexanamide) by melt and periodic copolymers were very different from the dl_ffractlon
solution polycondensation reaction. Tokiwa et alvestigated pattern of _the_correspondlng_homopolyester, suggesting that_the
random poly(esteramide)s synthesized by amidester inter- amide units introduced periodically into the polyester main

change reactions of nylons and polycaprolactone and showedChalns are included in the cryst_alllne region to form a _novel
crystalline structure. On the basis of the above results, it may

. . ] . _be concluded that optimal regulation of the thermal properties
- To whom correspondence should be addressed: e-mail habe@riken.jpijs 5chieved when the crystallizable sequence consisting of both
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In this work, we synthesized novel periodic poly(ester
amide) series by two-step polycondensation reactions using
adipate, butane-1,4-diamine, and aliphatic diols with various
chain lengths (Scheme 1) and characterized the structures an
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Then, the pressure was slowly reduced to 1.0 mmHg, and phenol
was removed by distillation ovea 1 h period. The produced
oligoesters were dissolved in chloroform and precipitated in cold
methanol at ®C. The product was dried under vacuum at room
temperature.

Fractionation of Monodispersed Oligoesters with Symmetric
Structure. Fractionation of monodispersed oligoesters with sym-
metric structure composed of adipate methyl ester end groups and
of adipate phenyl ester end groups was performed on a JASCO
supercritical fluid chromatography (SCFC) system with an MD-
2010 plus multiwavelength detector. A stainless steel column (150
x 4.6 mn?) containing silica gel (um) (SFCpak Crest SIL-5;
JASCO) or a stainless steel column (22020 mn¥) containing

ilica gel (16-20 um) (SFC Megapak SIL(10/20); JASCO) was
sed for fractionation at 60C. A mixture of supercritical carbon

thermal properties of the obtained copolymers by NMR gioxide and acetonitrile was applied as eluent, and the pressure of

spectroscopy, differential scanning calorimetry (DSC), and wide-

angle X-ray diffraction (WAXD). The linear aliphatic diols,
ranging from 3 to 6 methylene units, were used as comonomers!
to obtain a fundamental understanding of the influences of both
monomeric and sequential structures in this copolymer series
on the thermal properties. In addition, the annealing effects on
the melting behavior of periodic poly(esteamide)s were

investigated. On the basis of the above results, the relationships

among the thermal properties, molecular structures, and crystal-
line structures in the periodic poly(esteamide)s are discussed.

Experimental Part

Materials. Basic materials were purchased from Kanto Chemical
Co. Phenol, dimethyle adipate, diols (propane-1,3-diol, butane-1,4-
diol, pentane-1,5-diol, and hexane-1,6-diol), and butane-1,4-diamine
were used as supplied without further purification.

Synthesis of Diphenyl Adipate.Diphenyl adipate was prepared
by a exchange reaction between phenol and dimethyl adipate in
the presence of titanium tetraisopropoxide (TH€)) as a catalyst.
Phenol (0.64 mol), dimethyle adipate (0.16 mol), and TR
catalyst (0.40 mmol) were placed into a reactor under a nitrogen
atmosphere. The exchange reaction was carried out atd ahd
at atmospheric pressure for 36 h, after which the methanol was
removed by distillation. The temperature was raised to°®@&nd
the pressure was slowly reduced to 1.0 mmHg in order to remove
the excess phenol by distillation. The mixture was then cooled to
room temperature, and a white powder precipitated. The white

he eluent was regulated at 12 MPa. The flow rate of carbon dioxide
was maintained at 4 mL/min, while the rate of acetonitrile was
linearly increased for each condition. The oligoesters were detected
spectrophotometrically at a wavelength of 210 nm. Each fraction
of oligoester was collected from the eluate, and the solvent was
evaporated. The purity and structure of each fractionated oligoester
were evaluated byH NMR analysis, MALDI-ToF MS analysis,
and the reinjection analysis of oligoesters in SCFC.
Oligo(trimethylene adipate)with adipate methyl ester end
groups: 'H NMR (CDCl;, TMS, int ref): 6 4.15 (t, OGH,CHy),

3.67 (s, O®3), 2.34 (br t, OCOEI,CHy), 1.97 (br m, OCHCH,),

1.66 (m, OCOCHCH,). *H NMR purity (mol %: as lowest values
calculated from the ratio of end groups): fraction no. 1 (Om1l)
>95%, no. 2 (OmM2)>96%, no. 3 (Om3)>76%, no. 4 (Om4)
>66%, no. 5 (Om5)>60%, no. 6 (OmM6)>57%, no. 7 (Om7)
>56% (see Figure 1A).

Oligo(tetramethylene adipate) with adipate methyl ester end
groups: 'H NMR (CDCls, TMS, int ref): ¢ 4.09 (t, OCGH,CH),

3.67 (s, O®3), 2.34 (brt, OCOEI,CH,), 1.70 (br m, OCHCHy,),

1.66 (m, OCOCHCHy). *H NMR purity (mol %): fraction no. 1
>97%, no. 2>98%, no. 3>97%, no. 4>97%, no. 5>94%, no.
6 >89%.

Oligo(trimethylene adipate)with adipate phenyl ester end groups.
IH NMR (CDClz, TMS, int ref): 6 7.37 (t, m-CgHs), 7.24 (t, p-
CeHs), 7.07 (d, O-C6H5), 4.15 (t, OCHzCHz), 2.59 (t, GHs-
OCOQH,CH,), 2.39 (t, GHsOCOCHCH,CH,CH,), 2.33 (i,
OCO,CHy), 1.97 (m, OCHCHy,), 1.78 (m, GHsOCOCH,CH-
CH,CH,), 1.66 (m, OCOCHCH,). 'H NMR purity (mol %):

powder was washed with diethyl ether and dried under vacuum at fraction no. 1 (Op1)>95%, no. 2 (Op2)95%, no. 3 (Op3)96%,

room temperature. The product was obtained with a yield of 58%,
and the purity, determined by4 NMR, was >97%.

IH NMR (CDCl, TMS, int ref): ¢ 7.39 (t, 4H, m-CgHs), 7.25
(t, 2H, 9-CgHs), 7.07 (d, 4H, e-CeHs), 2.64 (t, 4H, OCOE,),
1.90 (m, 4H, OCOCHKCH,).

Preparation of Oligoesters with Adipate Methyl Ester End
Groups. Oligoesters of oligomethylene adipate with adipate methyl

no. 4 (Op4)>94%, no. 5 (Op5) 95%, no. 6 (Op6)y96%, no. 7
(Op7) >97% (see Figure 1B).

Oligo(pentamethylene adipate)with adipate phenyl ester
groups: *H NMR (CDCl;, TMS, int ref): 0 7.37 (t, m-CgHs), 7.22
(t, -p-CgHs), 7.08 (d, ©-CgHs), 4.06 (t, OGH1,CH,CH,), 2.59 (t,
CsHsOCOMH,CHy), 2.38 (t, GHsOCOCHCH,CH,CH,), 2.32 (t,
OCOO"zCHz), 1.78 (m, QHsoCOCHzCHch2CH2), 1.65 (m,

end

ester end groups were prepared by the condensation reaction 0o OCH,CH,CH, and OCOCHCH,), 1.41 (m, OCHCH,CH,). *H

diol (propane-1,3-diol and butane-1,4-diol) with an excess of
dimethyle adipate in the presence of titanium tetraisopropoxide (Ti-
(QiPr),) as a catalyst. Diol (0.12 mol), dimethyl adipate (0.18 mol),

and Ti(GPr), catalyst (0.30 mmol) were placed into a reactor under g

a nitrogen atmosphere. The oligomerization was carried out at 170

NMR purity (mol %): fraction no. 1>93%, no. 2>94%, no. 3
>97%, no. 4>94%, no. 5>94%, no. 6>91%, no. 7>90%.

Oligo(hexamethylene adipate) with adipate phenyl ester
roups: 'H NMR (CDCl;, TMS, int ref): 8 7.37 (t, m-CgHs), 7.22
(t, -p-CgHs), 7.07 (d, ©-CgHs), 4.06 (t, OCGH,CH,CH,), 2.59 (t,

end

°C and at atmospheric pressure for 6 h, and methanol was removedCsHsOCOCH,CH,), 2.38 (t, GHsOCOCH.CH,CH,CH,), 2.32 (t,

by distillation. The produced oligoesters were dissolved in chlo-
roform and precipitated in cold methanol at®©. The product was
dried under vacuum at room temperature.

Preparation of Oligoesters with Adipate Phenyl Ester End
Groups. Oligoesters of oligomethylene adipate with adipate phenyl

OCOMH,CHy), 1.78 (m, GHsOCOCHCH,CH,CH), 1.65 (m,
OCH,CH,CH, and OCOCFJCHz), 1.37 (m, OCHCHQCHz) H
NMR purity (mol %): fraction no. 1>97%, no. 2>98%, no. 3
>97%, no. 4>96%, no. 5>97%, no. 6>97%, no. 7>97%.
Synthesis of HomopolyestersPolyesters were synthesized by

ester end groups were prepared by the condensation reaction othe condensation reaction of dimethyl adipate with each diol in the

diol (propane-1,3-diol, pentane-1,5-diol, and hexane-1,6-diol) with
an excess of diphenyle adipate in the presence of titanium
tetraisopropoxide (Ti(@Pr);) as a catalyst. Diol (0.04 mol), diphenyl
adipate (0.06 mol), and Ti(®r), catalyst (0.01 mmol) were placed
into a reactor under a nitrogen atmosphere. First, the oligomerization
was carried out at 170C and at atmospheric pressure for 4 h.

presence of titanium tetraisopropoxide (TiF®),) as a catalyst.
Equimolar amounts of dimethyl adipate and diol and TRy
catalyst (0.01 mol %) were placed into a reactor under a nitrogen
atmosphere. First, the polymerization was carried out at 170
and at atmospheric pressure for 6 h, and methanol was removed
by distillation. Then the temperature was increased to°IQOandCDV
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Fraction No.

o
1 (Om1): CH;—of(ur(CH;)[(Ilr[O(CH;);,—O{Ur(CHQ)(}I:]'[QCH:,

o) o o o
2 (Om2): cH,—o-(‘l,»(cl-u,).-cur[cy(<:H2),»o<u,-(cHz)((":J,»QCH3

3omd): .. § 9 2 9
(Om3): CHy-0-C~(CH,)¢-C-[0-(CHa)5-O-C-(CHy),-Cli-O-CHs

o]
4 (Om4): CH3-O-(!-(CH2)‘-(Il,-[O-(CH;);—O-(H)-(CHQ)A-(I'IJ]S-O-CH;

o o o] o
5 (OmS5): I 1 I 1
CH3-0-C-(CH,)4-C-[0-(CH,)3-O-C-(CH,),-Cls-O-CH;

o) o o 0
6 (Omé): CH3—0-(“‘,—(CH2)4—(ur[0(CH,)S—O{‘%—(CHQ)(("ZITQCH,

70m7: . § % 2 9
(Om7): CHy-0-C-(CH,)4-C-[0-(CHy)3-O-C-(CHy),-Clg-O-CHs

Fraction No.
1(Opl): CsHs-0-g-(CHz)‘-(H)-[O-(CHz)g-Oj.lr(CH,)4-@]2-O-C5H5
2(0p2): csus-oﬁcl)-(cHg)‘-c‘cfr[o-(cnz)a-oj-(cn2)4-<|i],-<>ceH5
3 (Op3): cGHS-o-g-(cHg.-(”;[o-(cnz),-oji,(CH,),-@L-QCGHS
4 (Op4): CsHs-O-g-(CHz)‘-(H)-[O-(CHZ)J-Oj.'I}-(CHz).,-(Ii]s-O-CsH;,

o o o] [o]
5 Op3): C&Hs-O-g-(CHz)r(HJ-IO-(CH2)3-0<“>-(CH2)4-<”315-0C5H5

o (o} o o
6 (Opo): CeHs'o'(llf(CHz)r(H‘f[O'(CHz)s‘o‘g‘(CHﬂr(”:lro‘caHs
[o] [o]
7©p7): CaHs-0-g-(CHz)r<H‘rl0-(CHz)rO(“‘r(CH:)r(”?]s-GCaHs

Figure 1. SCFC elution profiles of oligomers of trimethylene adipate derived (A) from dimethyl adipate and propane-1,3-diol and (B) from
diphenyl adipate and propane-1,3-diol. SCFC reinjection profile (C) of fractionated oligomer of trimethylene adipate (sample Op4).

the pressure was slowly reduced to 0.1 mmHg. After 8 h, the 2.35 (brt, OCO®E,), 2.20 (br t, NHCOGEI,), 1.66 (br m, OCHCH,
product was cooled to room temperature. The produced polyesterand OCOCHCH,), 1.53 (br m, NHCHCH,), 1.41 (br m, OCH-
was dissolved in chloroform and precipitated in methanol or diethyl CH,CH,). 13C NMR (CDCk, TMS, int ref): 6 173.61 (NHCO),
ether. The precipitate was dried under vacuum at room temperature.173.36-172.73 (GCO), 64.16 (QCH,), 38.99 (NHCH,), 36.26

Copolymerization of Monodispersed Oligoesters with Butane-

(NHCOCH,), 33.89 (OC@Hj), 28.28 (OCHCH,), 26.94 (NH-

1,4-diamine. Periodic copolymers were synthesized by the con- CH,CH,), 25.12 (NHCOCHCH,), 24.39 (OCOCHCH,), 22.44
densation reaction between diamine and monodispersed oligoestefOCH,CH,CH,).

in the absence of catalyst. Equimolar amounts of monodispersed Poly(hexamethylene adipagertetramethylene adipamide}H
oligoester and butane-1,4-diamine were admitted into a reactor NMR (CDCl;, TMS, int ref): 6 4.06 (t, OCH,), 3.26 (br ¢, NHCEy),

under nitrogen. The copolymerization was carried out at 420

2.33 (brt, OCOGH,), 2.20 (br t, NHCOGH,), 1.66 (br m, OCHCH,

and at atmospheric pressure for 6 h. The products were dissolvedand OCOCHCH,), 1.53 (br m, NHCHCH,), 1.37 (br m, OCH-
in chloroform or trifluoroethanol and precipitated in methanol or CH,CH,). 3C NMR (CDCk, TMS, int ref): 6 173.66 (NHCO),
diethyl ether. The precipitate was dried under vacuum at room 173.42 (GCO), 64.31 (Q@CH,), 39.00 (NHCH,), 36.26 (NHCQCH,),

temperature.

Poly(trimethylene adipatper-tetramethylene adipamide):H
NMR (CDCl;, TMS, int ref): 6 4.15 (t, OGHy), 3.26 (br g, NHEy),
2.33 (br t, OCOCly), 2.20 (br t, NHCOG®i,), 1.97 (br m,
OCH,CHy), 1.66 (br m, OCOCHKCH, and NHCOCHCHy), 1.54
(br m, NHCHCHy). 3C NMR (CDCk, TMS, int ref): 6 173.45
(NHCO), 173.2%+-172.7 (GCO), 60.94 (GCHy), 39.02 (NHCH,),
36.26 (NHCQCH,), 33.78 (OC@H,), 27.97 (OCHCH,), 26.94
(NHCH,CH,), 25.13 (NHCOCHCH), 24.32 (OCOCHCH,).

Poly(tetramethylene adipafeer-tetramethylene adipamideiH
NMR (CDCl;, TMS, int ref): 6 4.09 (t, OCH,), 3.26 (br g, NHEH,),
2.33 (br t, OCOGEly), 2.20 (br t, NHCOG,), 1.70 (br m,
OCH,CHy), 1.66 (br m, OCOCHKCH, and NHCOCHCH,), 1.53
(br m, NHCHCHy). 3C NMR (CDCk, TMS, int ref): 6 173.56
(NHCO), 173.31 (&O), 63.85 (CCH,), 39.01 (NHCH,), 36.26
(NHCOCH,), 33.86 (OC@H,), 26.94 (NHCHCH,), 25.30
(OCH,CHy), 25.12 (NHCOCHCH,), 24.38 (OCOCHCH,).

Poly(pentamethylene adipaper-tetramethylene adipamide)H
NMR (CDCl;, TMS, int ref): 6 4.07 (t, OGHy), 3.26 (br g, NHCy),

33.91 (OCQHy), 28.52 (OCHCHy), 26.94 (NHCHCH,), 25.61
(OCH,CH,CHy), 25.13 (NHCOCHCH,), 24.41 (OCOCHCH),).
Compositions of Poly(ester-amide)s. Compositions of the
obtained copolymers were calculated from #heNMR spectra.
The amide fractions (mol %) in the copolymers were determined
by integration of the proton resonances of distinct four peaks: (c)
(4.06-4.15 ppm: OCly), (9) (3.26 ppm: NHEl), (a) (2.33-2.35
ppm: OCO®,), and (f) (2.20 ppm: NHCOB,) (Figures 3 and
4), as in the following two equations:

; 9 g ) 0 =(L) 0
amide mol /F(C+g x 100%= (——) x 100%

The calculated values from two equations were in good agreement
with each other for any cases.

Analytical Procedures.’H NMR analysis of oligoester and poly-
(ester-amide) samples was performed with a JNM AL-300
spectrometer. The samples (5 mg/mL) were dissolved in either

CDCl; or CRCD,0D, and the 300 MHZH NMR spectra WereCDV
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Figure 2. 'H NMR spectra of fractionated oligomers of trimethylene
adipate derived (A) (sample Om6) from dimethyl adipate and propane- (C)
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T T P P A A wavelength 337 nm. The spectra were obtained from the 250 laser

3 (ppm)
Figure 3. 'H NMR (A) and 3C NMR (B) spectra of produced

copolymers (sample P(tri)6) from condensation of monodisperse

shots accumulated. For the sample preparation, 0.5 mg of 2,5-
dihyroxybenzoic acid as the matrix and 40 of methanol were
g added to about 10 mg of the fractionated oligoester samples in 100

oligomer of trimethylene adipate (sample Op6) and butane-1,4-diamine, 4L Of tetrahydrofuran. For the analysis, @b of the mixed solution

(#: from methyl ester or hydroxyl chain end).

recorded at 23C with a 6.2us pulse width (45 pulse angle), 3 s

was spotted on the sample slide and dried in air.

All molecular weight data were obtained by gel-permeation
chromatography at 48C, using a Shimadzu 10A GPC system and
a 10A refractive index detector with Shodex K-806M and K-802

pulse repetition, 6000 Hz spectroscopic width, and 16K data points. columns. Chloroform was used as an eluent at a flow rate OfC(b%/
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mL/min, and a sample concentration of 1.0 mg/mL was applied. hexamethylene adipate derived from diphenyl adipate and each
Polystyrene standards with a low polydispersity were used to make diol were characterized.
a calibration curves.

Differential scanning calorimetry (DSC) data of polyester and

poly(ester-amide) samples were recorded in the temperature rangeollgoes_,ters, MALDl'TOF. MS analysis and the_ reinjection
of —100 to 300°C on a Perkin-Elmer Pyris 1 equipped with a analysis of the samples in SCFC were also applied. As shown

cooling accessory under a nitrogen flow of 20 mL/min. Samples In Figure 1C, the SCFC elution profile of the fractionated
of 3—5 mg were encapsulated in aluminum pans and heated at aoligoester reinjected revealed a single peak at the indentical
rate of 20°C/min. The melting temperaturd ) and enthalpy of retention time with the collected fraction in a mixture of
fusion (AHy) were determined from the DSC endotherms of the oligomers. Furthermore, in the MALDI-ToF MS spectra of the
first heating process. Th&, was taken as the peak temperature. fractionated oligoesters, the characteristic signal of ionomer with
For the measurement of the glass-transition temperaligiethe the relevant mass corresponding to the chemical structure
samples were rapidly quenched-+d00°C. Samples were heated  5gsigned fromtH NMR was detected (data not shown). From
Ira?(rg ;sl?hoet?nﬁjogiﬁtagfetlhgegrt:gg r:tierz] %fe‘z?:c/?'”' .tTheTg Was  these results, it was confirmed similarly that the oligoesters could
. P ) ; g pactty. be obtained with very high purity. However, some oligoesters,
Wide-angle X-ray diffraction (WAXD) patterns of polyester and especially with long chain length derived from dimethyle adipate

oly(ester-amide) samples were recorded at 3 on a Rigaku . . . . .
g”\){-f- 2500 syste)m usier)g a nickel-filtered Cuokadiation (% _ and diols, had comparatively low purity due to the impurities

0.154 nm, 40 kV, 110 mA) in the@range of 6-60° at a scanning  With hydroxyl end group, whereas few hydroxyl end groups

For the confirmation of purity and structure of fractionated

speed of 2.0 deg/min. were detected in the case of oligoesters derived from diphenyl
adipate and diols (see Figure 2). In fact, the peaks of some
Results and Discussion samples reinjected in SCFC had slight tailing or shoulder

corresponding to the small peaks between main peaks, and small

metric Structure. Oligoesters were prepared by a condensation amounts of these impurities were also detected as the asym-
reaction of each digl with an excgsspof dim)(lathyl adipate or metric oligoesters by MALDI-ToF MS spectroscopy.
diphenyl adipate. The products of the condensation reaction were Copolymerization of Monodispersed Oligoesters with
then fractionated by supercritical fluid chromatography (SCFC), Butane-1,4-diamines.The reaction of the obtained monodis-
and fractions were collected on the basis of specific chain length Persed oligoesters with butane-1,4-diamine was carried out in
of the oligoesterd? Figure 1A shows the SCFC elution profile  the absence of catalyst at 120 for 6 h under nitrogen. The
of oligomers of trimethylene adipate derived from dimethyl Mixtures of oligoesters and diamine were in a molten state at
adipate and propane-1,3-diol. Figure 2A shows the typieal the initial stage of reaction, but as the condensation reaction
NMR spectrum of isolated oligomers of trimethylene adipate Progressed, the viscosity of the mixture increased. For the
(sample Om6). Peaks (c) (4.15 ppm), (a) (2.34 ppm), (d) (1.97 Mixtures of oligomers of tetramethylene adipate with butane-
ppm), and (b) (1.66 ppm) in Figure 2A were assignable to the 1,4-diamine, the reaction phase transformed to a solid state. In
methylene proton resonances of propane-1,3-diol and thecontrast, for the mixtures of butane-1,4-diamine and oligomers
dimethyl adipate unit, respectively. Peak (e) (3.67 ppm) was Of trimethylene adipate with methyl ester end groups, the
assigned to the methyl proton at the methyl ester chain end.reaction phase was nearly unchanged during the condensation
From the intensities of these proton resonances, the molar ratioreéaction at 120C for 6 h, and few polymeric products were
of the adipate unit (AdO), the propane-1,3-diol unit (PrO), and Obtained after the reaction in any cases. In the absence of
the chain end (MO) for sample Om6 was calculated to be AdO/ catalyst, the methyl ester end groups may have relatively low
PrO/MO = 8:7:2. In the same way, the molar ratios of AdO, activity for the amidation reaction under the conditions of the
PrO, and MO for other fractionated oligoesters were calculated, molten state. In addition, a fraction of butane-1,4-diamine
and the values were as follows: AdO/PrO/MEB:2:2 (sample evaporated from the reaction solution during the polymerization
Oom1l), 4:3:2 (Om2), 5:4:2 (Om3), 6:5:2 (Om4), 7:6:2 (Om5), reaction; thus, the chain extension reaction may be inefficient
and 9:8:2 (Om7). From these results, it was confirmed that eachunder these conditions. To improve the amidation activity
oligoester had a symmetric structure with adipate methyl ester between oligoesters and butane-1,4-diamine, the oligomers of
end groups. Similarly, the molar ratios for fractionated oligomers trimethylene adipate with nucleophilic phenyl ester end groups
of tetramethylene adipate derived from dimethyl adipate and Were used as macromonoméfsBy using the oligomers of
butane-1,4-diol were calculated, and the sequential length andtrimethylene adipate with phenyl ester end groups, the polym-
structure of each oligoester were characterized. erization reactions with butane-1,4-diamine progressed very fast,
Figure 1B shows the SCFC elution profile of oligomers of a}nd the viscqsij[y of the mixture radically ingreased in a shgrt
trimethylene adipate derived from diphenyl adipate and propane-time. In a similar manner, we could obtain the polymeric
1,3-diol. Figure 2B shows the typicAH NMR spectrum of prc_:ducts from the monodispersed oligomers of_ pentamethylene
isolated oligomers of trimethylene adipate (sample Op6). In @dipate phenyl ester and of hexamethylene adipate phenyl ester
Figure 2B, peaks (c) (4.15 ppm), (d) (1.97 ppm), (a) (2.33 ppm), With butane-1,4-dimaine.
and (b) (1.66 ppm) were similarly assignable to the methylene Table 1 lists the results of the polymerization of monodis-
proton resonances of propane-1,3-diol and the adipate unit,persed oligoesters with butane-1,4-diamine. Four series of
respectively. Peak (e) (2.39 ppm), (f) (g) (1-7Z.79 ppm), (h) copolymers from trimethylene adipate and butane-1,4-diamine
(2.59 ppm), and (i, j, k) (7.0#7.37 ppm) were assigned to the (P(tri)), from tetramethylene adipate and butane-1,4-diamine
methylene protons and the phenyl protons at the adipate phenylP(tet)), from pentamethylene adipate and butane-1,4-diamine
ester end group, respectively. On the basis of these peak(P(pen)), and from hexamethylene adipate and butane-1,4-
intensities, the molar ratios of each unit were calculated, and it diamine (P(hex)) were obtained from monodispersed oligoesters
was confirmed that each oligoester had a defined chain lengthwith different repeating units in satisfactory yields {580%).
and a symmetric structure constituted of adipate phenyl esterThe obtained copolymers were characterized'Hyand 13C
end groups (samples OpZ in Figure 1B). In a similar manner, NMR analyses. Figure 3 shows the typiédl and3C NMR
all of the fractionated oligomers of pentamethylene adipate and spectra of the products from the condensation reaction 088%

Preparation of Monodispersed Oligoesters with Sym-
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Table 1. Polymerization Results, Compositions, and Molecular Weights of Periodic Copolymers and Homopolyesters

sequential no. polymer amide fraction molecular weight
sample no. macromonomer (ester unit)  of ester unit yield (%) mol % (theortl) mol % (expl) Mn Mw/Mn
P(tri)1 trimethylene adipate 2 66 33 34 —¢ -
P(tri)2 3 79 25 26 - -
P(tri)3 4 82 20 20 - -
P(tri)4 5 76 17 17 10 300 2.3
P(tri)5 6 74 14 14 18 400 2.1
P(tri)6 7 68 13 13 14 000 24
P(tri)7 8 69 11 11 17 200 2.2
P(tet)1 tetramethylene adipate 2 68 33 34 - -
P(tet)2 3 62 25 26 - -
P(tet)3 4 67 20 20 - -
P(tet)4 5 63 17 17 15 200 2.6
P(tet)5 6 71 14 15 12 800 2.2
P(tet)6 7 56 13 13 14 000 24
P(pen)1 pentamethylene adipate 2 80 33 33 - -
P(pen)2 3 84 25 25 - -
P(pen)3 4 81 20 20 - -
P(pen)4 5 75 17 16 15700 2.0
P(pen)5 6 81 14 14 22 300 2.0
P(pen)6 7 79 13 12 22 700 2.0
P(pen)7 8 68 11 11 24100 2.0
P(hex)1 hexamethylene adipate 2 83 33 34 - -
P(hex)2 3 79 25 26 - -
P(hex)3 4 68 20 21 - -
P(hex)4 5 73 17 17 10 700 2.2
P(hex)5 6 63 14 15 13100 2.1
P(hex)6 7 89 13 12 18 900 21
P(hex)7 8 76 11 11 14 000 2.0
poly(trimethylene adipate) 74 0 0 18 500 15
poly(tetramethylene adipate) 81 0 0 17 000 1.8
poly(pentamethylene adipate) 83 0 0 14 200 15
poly(hexamethylene adipate) 69 0 0 22 800 1.4

aDetermined fromtH NMR spectra®? Determined by GPC analysisNot determined.

monodispersed oligomer of trimethylene adipate (sample Op6) produced copolymers. All of the copolymers synthesized by
and butane-1,4-diamine. As shown in Figure 3A, the methylene polycondensation reaction of monodispersed oligomers of tetra-,
proton signals and phenyl proton signals arising from adipate penta-, and hexamethylene adipate with butane-1,4-diamine were
phenyl ester end group (peaks (e) to (k) in Figure 2B) completely similarly characterized on the basis of NMR analyses (see Figure
disappeared in th&H NMR spectrum, and new peaks at 1.53, 4A—C), and it was confirmed that the produced copolymers
1.66, 2.20, and 3.26 ppm were detected in addition to the had defined periodic sequences consisting of amides and esters
methylene proton signals corresponding to the trimethylene from each groups (Scheme 1 and Table 1). Small signals arising
adipate units (peaks (a) to (d) in Figures 2B and 3A). Peaks (€) from the methyl ester chain end and from hydroxyl chain end
(1.66 ppm) and (f) (2.20 ppm) were assigned to the methylene were detected in théH and3C NMR spectra of some of the
protons of adipamic acid units. Peaks (g) (3.26 ppm) and (h) periodic copolymers derived from oligoesters with phenyl ester
(1.53 ppm) were assignable to the methylene protons of butane-eng groups or with methyl ester end groups, respectively (see
1,4-diamine units. No proton signals corresponding to the Figyres 3 and 4). These signals originated from the oligoesters
adipamide units were detected in theé NMR spectra of any  \ith an asymmetric structure consisting of methyl ester end
of the produc’gs. From.the peak intensities of.the methylene groups and hydroxyl end groups left as impurities after the
protons of adipate unit (AdO), propane-1,3-diol unit (PrO), ,4ycondensation reaction, as mentioned above. These small
adipamic acid unit (AdN), and butane-1,4-diamine (BuN), the 5qnts of oligoesters with the asymmetric structure may cause

molar rlatiol of AdO, PrO, AdN, and BuN .fo.r .samk[])le P(Itri)6 the termination or slow the progress of the chain polymerization
was caluculated to be AdO/PrO/AdN/BuNG:7:2:1. The molar e o |ow activity during the polycondensation reaction of

ratios of AdO, PrO, AdN, and BuN for the other pr_oduced oligoester with diamine. However, there was little loss of
_°°p°'¥f_"efs were also calculated from their respective peak periodicity or uniformity of the sequential structure in the
intensities as follows: AdO/PrO/AdN/Bub 1:2:2:1 (sample produced copolymers (see Table 1)

P(tri)1), 2:3:2:1 (P(tri)2), 3:4:2:1 (P(tri)3), 4:5:2:1 (P(tri)4), 5:6: ) o ) )
2:1 (P(tri)5), and 7:8:2:1 (P(tri)7). From these results, it has  1he products obtained from monodispersed oligoesters with
been concluded that the amidation between the ester chain end§hort sequential lengths ranging from 2 to 4 repeating units could
of oligoesters and butane-1,4-diamine progressed selectively and?€ dissolved in trifluoroethanol, but not in chloroform. This
that the produced copolymers have a periodical sequencecontrasts to the products obtained from monodispersed oli-
corresponding to the sequential length of the initial monodis- goesters with long sequential lengths ranging from 5 to 8
persed oligoesters. Actually, as shown in Figure 3B, the distinct repeating units which were soluble in chloroform. The difference
and simple peaks, not complex, were observed itdGeNMR of solubility resulted from the amide group hydrogen bonds
spectra for peaks (i) to (K)3O: 173-174 ppm), (c) (@TH,: which is directly related to the periodicity and content of the
61 ppm), (g) (NHCH2: 39 ppm), and (a) and (f) (OCGCH; and comonomer. The flexibility of solvent use facilitated by
NHCOCH,: 37—-33 ppm), which were sensitive for the hydrogen bonding in these copolymers makes these materials
neighboring molecular structures, indicating that the identical potentially interesting for a wide range of application in fibers

ester-amide sequences were present with high regularity in the and films. CDV
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Table 2. Thermal Properties and X-ray Crystallinities of Periodic Copolymers and Homopolyesters

amide fraction thermal propertiés
sequential no. mol %
sample no. of ester unit (theoretical) Ty°C Tm/°C AHm/J gt Tm2°C AHmlJ gt X%
P(tri)1 2 33 -29 84 7 120 2 19
P(tri)2 3 25 —41 76 21 108 10 25
P(tri)3 4 20 —-47 72 22 - — 26
P(tri)4 5 17 -51 68 24 - - 22
P(tri)5 6 14 —52 62 26 - - 22
P(tri)6 7 13 —55 63 23 - - 19
P(tri)7 8 11 —56 62 31 - - 19
P(tet)1 2 33 —¢ 258 31 - - 33
P(tet)2 3 25 - 255 25 - - 38
P(tet)3 4 20 - 245 26 - - 29
P(tet)4 5 17 - 241 19 - - 25
P(tet)5 6 14 - 221 20 - - 26
P(tet)6 7 13 - 209 18 - - 28
P(pen)1 2 33 -37 91 13 - - 22
P(pen)2 3 25 —45 67 19 - - 18
P(pen)3 4 20 —49 57 17 - - 20
P(pen)4 5 17 —55 54 20 - - 20
P(pen)5 6 14 -59 49 19 - - 19
P(pen)6 7 13 —61 a7 24 - - 25
P(pen)7 8 11 —61 45 23 - - 24
P(hex)1 2 33 —-40 74 6 102 2 16
P(hex)2 3 25 -50 68 10 - - 14
P(hex)3 4 20 —53 62 11 - — 19
P(hex)4 5 17 -57 58 17 - - 22
P(hex)5 6 14 -57 55 12 - - 19
P(hex)6 7 13 —60 56 38 - - 27
P(hex)7 8 11 -59 56 39 - - 26
poly(trimethylene adipate) 0 —63 40 33 - - 33
poly(tetramethylene adipate) 0 —58 62 52 - - 60
poly(pentamethylene adipate) 0 —73 40 50 - - 39
poly(hexamethylene adipate) 0 —69 55 58 - - 39

aMeasured by DSC? Crystallinities determined from X-ray diffraction patterfisdot determined.

For the produced periodic copolymers, the molecular weights 280
(Mp) and polydispersity indicedM/M,) of chloroform-soluble 260 -
samples were determined from GPC analysis and ranged from 240 1
10 300 to 24 100 and from 2.0 to 2.6 compared to a polystyrene -
standard, respectively. Q 220
Thermal Properties of Periodic Poly(ester-amide)s.Glass- S 200 ,\/ i
transition temperature3g), melting temperature§,), and heats ® ] 20“;" >~ o >
of fusion (AHp,) of copolymer samples were determined from g ’ o
DSC measurements. The results are listed in Table 2, together 5 weE- s 7 i
with the data of homopolyesters. Thg values of the periodic 2 80
poly(ester-amide)s were higher than those of homopolyesters 5 60 &
composed of the same ester units and tended to increase with = T
an increase in amide content. Tfig values of P(tet) series 409
were measured at over 20C and were remarkably higher than 20
the T, (62 °C) of the poly(tetramethylene adipate) homopoly- 0 L L !
ester. Although the improved temperatures ranges were lower 0 10 20 30 40

) X .
than those of P(tet) series, a similar trend was observed on the Amide fraction (mol%)

Tm values of P(tri) series, and the copolymer sample with lowest Figure 5. Melting temperatures of the periodic poly(estemide)s

. . - o as a function of amide unit fraction, P(tri) seri@ Tm1; O, Tm2), P(tet)
amide content also showed high thermal stability € 62 °C) series &), P(pen) series®), P(hex) seriesm, Toy O, Top). The

as compared with the poly(trimethylene adipate) homopolyester sympols at the 0 mol % amide fraction show tfig values of

(Tm = 40 °C) (Figure 5). On the other hand, tAg values of homopolyesters.

both P(pen) and P(hex) series showed a slight increase with

increasing the amide content, while no great difference of the detected in the DSC thermograms for P(tet) copolymer series,

Tm values was observed between copolymer samples with amidesince the crystallization occurred during the cooling process from

content less than 17 mol % and homopolyesters (Table 2 andthe melt state at over 20TC.

Figure 5). In addition, for the P(tri) and P(hex) series, some Plots of theT,, values of periodic poly(esteramide)s with

copolymer samples showed two distinct melting peaks (sampleseach amide unit content as a function of the number of

P(tri)1, 2 and P(hex)1 in Table 2). methylene groups in the diol units for oligoesters revealed high
In the DSC thermograms for the P(tri), P(pen), and P(hex) T, values for the samples with an even number of methylene

samples, the change in heat capacity corresponding to the glassgroups and lowl, values for the samples with an odd number

transition phenomenon could be detected, andlthealues of of methylene groups (Figure 6). Such behavior, the so-called

the periodic poly(esteramide)s also tended to increase with “odd—even effect”, has been reported previously for poly-

an increase in the amide content. However, Theould not be amides?®0 polyurethanes32poly(ester-amide)033-34poly- CDV
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Figure 6. Melting temperatures of the periodic poly(estamide)s
with 33 mol % amide unit conten®), 20 mol % amide unit content
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Figure 7. X-ray diffraction patterns of periodic copolymers and
homopolyesters: (A) samples P(tf)T and poly(trimethylene adipate),
(B) samples P(tet}26 and poly(tetramethylene adipate), (C) samples
P(pen)1-7 and poly(pentamethylene adipate), and (D) samples Pth&x)1

and poly(hexamethylene adipate).

(amide-urethane)d/-3>and poly(urea-urethane)s’ However,
it is of interest to note that the oeddeven effect for periodic
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of 21.2 and 24.0 were assignable to (020) and (021) planes
and to (210) and (020) planes, respectively (Figure 7B,D).
Unfortunately, the crystalline structures of poly(trimethylene
adipate) and poly(pentamethylene adipate) have not been
characterized. However, several main diffraction peaks were
distinctly observed in each diagram (Figure 7A,C).

In the case of P(tet) copolymers, all samples revealed different
WAXD patterns as compared to poly(tetramethylene adipate),
and two main peaks atf2values of about 23and 26 were
detected in the diffractograms. Although the P(tri) copolymers
gave relatively broad diffraction peaks, the diffraction patterns
differed from that of poly(trimethylene adipate). Since the
crystalline structures of the periodic poly(estamide)s have
not been defined, further research is needed for the understand-
ing of the relation between the thermal properties and crystalline
structures. However, these results strongly suggest that the amide
units introduced periodically into the polyester main chains are
included in the crystalline region to form a different chain
packing structure as compared to the homopolyesters. The
differences in chain packing structure lead to an increase in the
Tm values of periodic copolymers as compared with the
homopolyesters, and the amide units in the crystalline region
may form intermolecular hydrogen bond interactions.

Unlike the P(tet) and P(tri) copolymers, the diffraction
patterns of both P(pen) and P(hex) copolymers were strongly
dependent on the amide content, and the copolymer samples
with an amide content of more than 20 mol % gave different
WAXD patterns from those of homopolyesters, whereas the
diffraction peaks had nearly identicab Zalues as compared
to the homopolyesters when the amide content of the copolymers
was less than 13 mol %. Such differences in the WAXD patterns
strongly correlated to the thermal behavior determined from
DSC measurements. As shown in Figure 5, the P(pen) and
P(hex) copolymers with more than 20 mol % amide content
had apparently highér, values, but copolymers with less than
13 mol % amide content showed little changeTipvalues as
compared to the homopolyesters. As the ester sequences become
longer, the formation of crystals based on these intervals may
occur since the P(pen) and P(hex) copolymers have longer
repeating ester units as compared with P(tri) and P(tet)
copolymers.

To understand the differences in the melting property and
crystalline structure among four series of copolymer samples,
the possible chain arrangements of periodical eseride
sequences were considered on the basis of molecular chain
structure and their intermolecular interactions. Figure 8 shows
the schematic illustration of the speculated chain arrangements
for P(tri) and P(tet) copolymers. In this model, all of the
molecular chains are drawn as a planar zigzag structure. The
molecular chains of periodic copolymers can arrange into four

poly(ester-amide)s is only dependent on the number of main types dependent on the intermolecular hydrogen bond
methylene groups in the diol units as comonomers, but not on interactions (between amig¢@mide groups for type | and I
the defined sequential number of ester units.

X-ray Diffraction Patterns of Periodic Poly(ester—amide)s.
The wide-angle X-ray diffraction (WAXD) patterns of periodic
poly(ester-amide)s were recorded. Figure 7 shows the WAXD
patterns of all of the periodic poly(esteamide)s, together with
the WAXD patterns of homopolyesters. The crystalline struc-
tures of poly(tetramethylene adipat®)'© and poly(hexameth-
ylene adipaté} were previously investigated, and both diffrac-

and between amideester groups for type Il and IV) and on
molecular chain directions (parallel chains for type | and Il and
antiparallel chains for type Il and 1V), as shown in Figure 8.
It can be expected that the periodic copolymers mainly form
the chain arrangements of type Il and IV rather than type | and
I, since the amide unit is a minor component compared with
ester unit. In addition, it has been reported that the many types
of polyamides and polyesters generally form antiparallel ar-

tion patterns showed the reflections arising from each ortho- rangements in the stable crystalline st&tdherefore, it is

rhombic unit cell. In the diffraction diagrams of poly(tetra-

proposed that type IV may be preferable to type Il. As shown

methylene adipate) and poly(hexamethylene adipate), two mainin Figure 8A, P(tet) copolymers can form excellent interchain

diffraction peaks located atf2values of 22.1 and 23.9 and

arrangements based on the intermolecular hydrogen E:(B\(}
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Figure 8. Schematic illustration of the speculated chain arrangements for periodic poly(astite)s: (A) P(tet) series and (B) P(tri) seri€s (
intermolecular hydrogen bond interactidn, steric hindrance).

interactions, which may lead to the higher thermal stability. 30 °C (see Table 2), and the values of both the loWgrand
However, for P(tri) copolymers, the formation of intermolecular higher T, were much higher than that of the homopolyester.
hydrogen bond induces the steric hindrance of carbonyl groupsTo obtain a further understanding of the relationship between
between adjacent chains in the cases of type Il, lll, and IV, and the melting behavior and crystalline morphology, the effects of
conformational rearrangements must occur to form stable chain-annealing on theT,, values were investigated. Copolymer
packing structures. Furthermore, the number of the hydrogensamples of P(tri) series were selected, and the thermal properties
bonds was limited in the case of type IV as compared with the of the samples annealed at %5 for 2 days were characterized
other types (Figure 8B). Therefore, for the P(tri) copolymers, by DSC. The results are listed in Table 3. Figure 9 shows the
the chain arrangements with less-effective intermolecular hy- typical melting curves of P(tri) series before and after annealing
drogen bond interactions may form and result in the slight treatment. Samples P(tri)1 and P(tri)2 initially had two endo-
improvement of the thermal properties. As a result, the P(tri) thermic peaks, while the lowef, peaks were completely
copolymers revealed relatively broad X-ray diffraction patterns. disappeared after annealing treatment. For the annealed samples
A similar model for interchain interaction must be applied to P(tri)3—5, new large peaks were obviously detecte@0 °C
P(pen) series with an odd number of methylene groups, andhigher than samples that were not annealed, and the [dwer
the T, values of P(pen) copolymers were much lower than those peaks became much smaller than those of the initial samples.
of P(tet) copolymers (Figure 5). Surprisingly, tihg values of On the other hand, samples P(tri)6 and P(tri)7 showed little
P(hex) copolymers with an even number of methylene groups change in the melting curves before and after annealing
also revealed lower values compared to those of P(tet) copoly-treatment. TheAH,, values of annealed samples slightly
mers, even though the P(hex) copolymers can form the increased as compared with those of the initial samples.
intermolecular hydrogen bond interactions without steric hin- It has been reported that the poly(tetramethylene adipate)
drance of carbonyl groups. This result suggests that the revealed the temperature-induced polymorphism phenomenon,
significant differences in thermal stability of the crystalline phase since poly(tetramethylene adipate) forms fherystal (orthor-
of periodic copolymers could not simply be explained in terms hombic unit cell witha = 0.506 nm,b = 0.735 nm, anct =
of the intermolecular interactions of the molecular chain 1.467 nm) at temperatures region below €7, while thea
arrangements. Because the P(hex) copolymers have longecrystal (monoclinic unit cell witha = 0.673 nm,b = 0.794
repeating ester units, the crystals may be formed by the nm,c= 1.420 nm, an@ = 45.5) is generated at temperatures
interaction between the repeating ester units rather than by theregion above 32C.3840.43|n the poly(tetramethylene adipate)
formation of intermolecular hydrogen bonds. samples crystallized at temperatures ranging from 27 ttC32
Melting Behavior of Periodic Poly(ester—amide)s. Some o andp crystals coexist, and the samples revealed distinct two
copolymer samples, especially for P(tri) copolymers, showed melting peaks corresponding to each crystalline morphism. The
two distinct melting peaks with a temperature interval close to WAXD patterns of annealed P(tri) samples were recordegg\/
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Table 3. Melting Temperatures and Crystallinities of Periodic Copolymer P(tri) Series before and after Annealing

initial

after annealing

thermal properti€s

thermal propertied

sample  sequential no.

no. ofesterunit  Tmn/°C  AHm/Jg!l Tmd°C  AHJgl X%  Tm/°C  AHm/dg!  Tmd°C AHmJdgl X%
P(tri)1 2 84 7 120 2 19 - - 115 12 21
P(tri)2 3 76 21 108 10 25 - - 105 22 21
P(tri)3 4 72 22 - - 26 - - 98 30 28
P(tri)4 5 68 24 - - 22 64 8 93 19 25
P(tri)5 6 62 26 - - 22 61 14 88 15 22
P(tri)6 7 63 23 - - 19 61 22 - - 24
P(tri)7 8 62 31 - - 19 59 22 - - 18

aMeasured by DSC? Crystallinities determined from X-ray diffraction patterns.
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Figure 9. Melting curves of periodic poly(esteamide)s (samples

P(tri) series): (A) before annealing and (B) after anneling at@%or
2 days.
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Figure 10. X-ray diffraction patterns of periodic poly(esteamide)s:
(A) samples P(tri)3 and P(tri)4 before and after annealing treatment;
(B) all P(tri) samples after annealing treatment.

20 (degree)

amide sequences or two or more est@mide sequences. On
the basis of the above results, considering the drastic change of
the Tr, values, the following two possible models are proposed
on the annealing effect of the periodic polyestamides; one

is that the molecular chain rearrangement takes place to reduce
the crystalline defects such as steric hindrance of carbonyl
groups without changing the crystalline structure, and the other
is that the numbers of amide units included in the crystalline
region increase by the thickening of lamellar during crystal-
lization.

Conclusions

Novel copolymers with a periodic sequence structure consist-
ing of ester and amide groups could be synthesized by two-
step polycondensation reactions from adipate, butane-1,4-
diamine, and linear aliphatic diols consisting of both odd and
even methylene groups. The thermal properties of the obtained
periodic poly(esteramide) series were strongly dependent on
both the monomeric and sequential structures, and the values
could be regulated over a wide temperature range. The WAXD
patterns of periodic poly(esteamide)s also varied with the
monomeric and sequential structures, suggesting that the mo-
lecular chain arrangements based on the periodic-eateide
sequence and their intermolecular hydrogen bond interactions
are important factors for the formation of a thermally stable
crystalline region. Moreover, from the results of the WAXD
patterns and DSC curves observed for periodic poly(ester
amide) samples before and after annealing treatment, it has been
found that the crystalline region, including the amide unit,
transforms to a more stable state during the annealing treatment
by either the rearrangement of the molecular chains or an
increase in lamellar thickness.
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