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ABSTRACT: Copolyesters were synthesized from bis(hydroxyethyl) naphthalate/bis-
(hydroxymethylcyclohexane)naphthalate (BHEN/BHCN) with various compositions.
Copolyesters having intrinsic viscosities of 0.58–0.65 dL g were obtained by melt poly-
condensation in the presence of metallic catalysts. The optimum condition for polyethyl-
ene-1,4-cyclohexanedimethylene naphthalate (PECN) copolyester manufacturing is
the transesterification under a nitrogen atmosphere for 4 h at a temperature of 245
{ 57C followed by polymerization under 2 mmHg for 50 min at a temperature of
290–3207C. Most copolyesters have better thermal stability than has poly(ethylene
naphthalate) (PEN) and the effect of the cyclohexane–dimethylene structure on the
thermal and crystalline properties of the resulting copolyesters was investigated using
differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA).
Glass transition temperatures of the copolyesters were in the range of 115.2–138.47C,
and 10% weight losses in nitrogen were all above 4537C. The solubility, crystallinity,
and moisture absorption of the copolyesters were also investigated. q 1998 John Wiley &
Sons, Inc. J Appl Polym Sci 67: 2245–2252, 1998

Key words: poly ( cyclohexanedimethylene naphthalate ) ; poly (ethylene naph-
thalate); copolyesters; melt polycondensation; physical properties

INTRODUCTION plastics was centered on the benzene ring struc-
ture. The newly developed high-performance
poly(alkylene naphthalates) (PAN) with theirEngineering plastics have found wide applica-
superior physical, mechanical properties, andtions in automobile, precision instruments, elec-
processability have caught the world’s atten-tronics, other electrical uses, and communica-
tion. The most important feature of PAN poly-tions.1–4 However, the requirements of superior
mers is the increased stiffness of the polymerperformance in heat and chemical resistance,
chains due to the presence of the naphthaleneflame retardance, and electrical, optical, and me-
ring instead of the benzene ring in poly(alky-chanical properties are getting very strict. In the
lene terephthalate) (PAT) .past, the study of high-performance engineering

Of the PANs studied, polyethylene-2,6-naph-
thalate (PEN) and polybutylene-2,6-naphthalate
(PBN) have exhibited superior thermal, mechani-Correspondence to: C.-S. Wang.

Contract grant sponsor: National Science Council of the cal, barrier, and chemical resistance properties
Republic of China; contract grant number: NSC84-2622-E006- relative to, for example, polyethylene-1,4-tereph-
007.

thalate (PET) and polybutylene-1,4-terephtha-
Journal of Applied Polymer Science, Vol. 67, 2245–2252 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/132245-08 late (PBT).5 For this reason, much research is
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currently underway to develop commercial appli- 2. Polycondensation:
cations for these new high-performance polyes-
ters.

Although PEN and PBN have superior physical
and mechanical properties to those of PET and
PBT, their high price still remains to be overcome;
otherwise, they will be limited to specialty appli-
cations. We have already reported on the prepara-
tion and characterization of copolyesters derived
from bis(hydroxyalkyl)naphthalate and bis[4-
(2-hydroxyethoxy)]aryl compounds.6 The physi-
cal properties of PAN were successfully modified

EXPERIMENTALby the introduction of the aryl ether linkage and
the bulky pendant group, while the raw material

Raw Materialscost was reduced by choosing an inexpensive com-
onomer, such as bisphenol A. 2,6-Dimethylnaphthalate (DMN; Amoco ) is a

However, these polyester resins are noncrys- commercial product and was used without further
talline or exhibit such a low crystallization rate purification. 1,4-Cyclohexanedimethanol (CHDM;
as not to attain complete crystallization in in- Janssen, trans /cis ratio: 7/3), and ethylene glycol
jection-molding applications even if they are (EG; Ferak) were reagent grade and used without
crystalline, that is, they gradually crystallize further purification. Solvents used for the deter-
in service under high-temperature conditions to mination of solubility, tetrahydrofuran (THF),
lower physical properties. This results in poor N ,N-dimethylformamide (DMF), and pyridine,
dimensional stability which is unsuitable for in- were purified by distillation under reduced pres-
jection molding. We are attempting to develop sure over calcium hydride and stored over 4 Å
a material which has excellent heat resistance molecular sieves. Ti(OBu)4 and Sb2O3 were com-
and such a high crystallization rate as to be free mercial products (guaranteed reagent grade) and
from postprocessing changes. In the present were used without further purification. Phenol
study, a novel heat-resistant polyester resin (Ferak) and tetrachloroethane (Merck), em-
which has excellent heat resistance, high crys- ployed for the determination of solubility and in-
tallinity, and a high crystallization rate was trinsic viscosity measurements of the polymers,
prepared by copolymerizing 1,4-cyclohexanedi- were also used without purification.
methanol and ethylene glycol with 2,6-dimeth-
ylnaphthalate.

InstrumentationTransesterification is generally the preferred
synthesis for PECN.7–9 There are two steps in the Elemental analyses were performed with a Her-
preparation of PECN: The first is the formation aeus CHN-O-Rapid elemental analyzer. FTIR
of 2,6-bis(hydroxyethyl)naphthalate (BHEN) spectra were recorded with a Nicolet 5DX-B spec-and bis(hydroxymethylcyclohexane)naphthalate

trophotometer. Mass spectra were recorded with(BHCN), respectively, from the transesterifi-
a VG 70-250s GC/MS. Intrinsic viscosities werecation of 2,6-dimethylnaphthalate (DMN) with
obtained using an Ubbelohde capillary viscometerethylene glycol (EG) or cyclohexanedimethanol
(Schott-AVS310). Melting points of BHEN and(CHDM); the second is PECN formation from the
BHCN were determined with a polarizing micro-polycondensation of the BHEN and BHCN mix-
scope (Laboratory Devices MEL-TEMPII). Theture at elevated temperature and reduced pres-
thermal behavior of each polymer was studiedsure. The reaction schemes are shown below:
on a DuPont 910 DSC and 951 TGA. 1H-nuclear

1. Ester interchange or transesterification: magnetic resonance (NMR) was performed in
CF3COOD at 507C. The wide-angle X-ray mea-
surements were performed at room temperature
with powdered specimens with Rigaku Geiger
Flex D-Max/IIIa X-ray diffractograms, using Ni-
filtered CuKa radiation (40 kV, 15 mA); the scan-
ning rate was 27 min01 . The degree of crystallinity
for the powder polymer was estimated from the
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ratio of the crystalline and amorphous area in the
X-ray diffractograms.

Syntheses of BHEN and BHCN Compounds

BHCN was prepared from DMN and CHDM by
the modified method (modification in catalyst and
reaction condition) of Lin and Baliga.10 BHEN
was synthesized from DMN and EG following the
method described in the previous report.8 The pu-
rified BHCN and BHEN monomers were analyzed
by elemental analyses, mass spectra, IR spectra,
and melting points.

BHEN: mp 129–1317C (ref. 10: 128–1307C). BHCN:
mp. 187–1887C; IR (KBr) cm01 ; 3450 (OH), 3045 (aro-
matic C{H), 2900 (alkyl C{H), 1700 (C|O), 1600
(aromatic C{C), 1150 (C{OH); mass spectrum EI Figure 1 Time–intrinsic viscosity curve for the poly-
m /e intensity (%): 468 (20, M/ ) . ANAL. Calc for condensation of BHEN–BHCN (50 : 50).
C28H36O6: C, 71.80%; H, 7.67%; O, 20.53%. Found C,
71.90%; H, 7.67%; O, 20.43%.

Solubility Test

The solubilities of these polymers were deter-
Preparation of Copolyesters mined by adding polymer (1–2% by weight) to

the desired solvent in a test tube. The tube wasThe monomers synthesized above were mixed in
left standing for 24 h to observe whether the poly-various mol ratios for copolymerization reactions.
mer dissolved. When the polymer did not com-Besides the esterification between BHEN and
pletely dissolve at room temperature, the testBHCN, the polycondensation of BHEN (or BHCN)
tube was heated and cooled. The polymer was de-itself could occur at the same time to give a ran-
fined to be soluble when no polymer precipitateddom copolymer [eq. (2)] . A mixture of BHEN/
after the tube was cooled.BHCN (0.4 mol) and the catalyst (8 1 1005 mol)

were introduced into a 250 mL four-neck flask
fitted with a reflux condenser, a thermometer, a Intrinsic Visiosity Determination
gas inlet, a gas outlet, and a mechanical stirrer.

Intrinsic viscosities of the polymers were mea-The reaction mixture was heated to 245 { 57C
sured using an Ubbelohde viscometer. A polymerand maintained at that temperature for 90 min
sample (0.06 g) was accurately weighed ({0.001under dry nitrogen. The temperature was in-
g) and dissolved in 25 mL of a symmetric tetra-creased to 2657C and stirring was continued for
chloroethane–phenol mixture (2 : 3 w/w). The30 min. The pressure of the reaction system was
solution was maintained at 1207C for 20–25 mingradually reduced first to 180–200 mmHg over
to achieve complete solution of the polymer in thethe course of 20 min. Over the course of another
solvent. The solution was then cooled to room tem-10 min, the pressure was further reduced to 1–3
perature and filtered through a 0.45-mm dispos-mmHg and the reaction was increased to the final
able membrane filter (cellulose acetate). Usingtemperature of 290–3207C. The polymerization
the viscometer at 307C, the intrinsic viscosity waswas carried out isothermally at this temperature
calculated from the relative viscosity.11

for the required period of time with simultaneous
removal of EG and other volatiles by distillation.
Finally, the pressure was returned to normal at- Thermal Analysis
mospheric pressure using nitrogen to prevent
degradation by oxidation. Light amber-colored co- To compare the rate of crystallization, the sample

(10 mg) was heated at a rate of 3207C min01 to thepolymers were obtained.
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desired temperature (3307C) to ensure complete were placed in boiling water (1007C) for 72 h and
then weighed again. The moisture absorption wasmelting, then slowly cooled (57C min01) to the

room temperature. The temperature at which calculated as percent weight gain Å [ (W /W0) 0 1]
1 100%, where W is the weight of the copolymercrystallization began (Tc ) was monitored with a

DuPont 910 DSC apparatus under nitrogen. sample after standing at 1007C water for 72 h and
W0 is the weight of the copolymer sample afterIn addition, the crystallization half-time (t1/2 , the

time required at 2407C to evolve one-half of the heat drying under a vacuum at 1207C.
of crystallization) was measured as follows: About
10-mg quantities of the copolymer samples were
heated at a rate of 3207C min01 to 3307C. The sam- RESULTS AND DISCUSSION
ples were held at that temperature for about 10
min to melt all crystalline nuclei before cooling very Characterization of BHCN and BHEN
rapidly to room temperature, then reheated at a
rate of 3207C min01 to 2407C and held at that tem- Both monomers were synthesized under the most

preferred conditions, with the results summa-perature for the remainder of the test.
rized in the Experimental section. A polarizing
microscope was used to determine the melting

Determination of the Moisture Absorption points of BHCN and BHEN. The sharp melting
of Copolyesters points indicated that the monomers were pure.

The results of elemental analyses of theseDisk samples [3 mm (T )1 20 mm (D ) ] were dried
under a vacuum at 1207C until the moisture had monomers agreed well with the assigned struc-

tures. Electron impact-induced fragmentationbeen expelled. The samples were put inside a dry
box for cooling. After being weighed, the samples patterns at 30 eV were obtained. Prominent peaks

Figure 2 1H-NMR spectra of the homopolymer PCN and 1 : 1 copolymer.
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observed in the mass spectra and the infrared
spectra are included in the Experimental part
which confirms the assigned structures.

Syntheses of Copolyesters

In search of the optimum reaction time required
for polycondensation, a 50/50 mol ratio of BHEN/
BHCN and final reaction temperatures of 3007C
were chosen. Because of the low solubility of these
polymers in common solvents for molecular
weight determination, an assumption was made
that the copolymers all have the same hydrody-
namic volume, and intrinsic viscosity was used as
the criteria in comparing growth of the molecular
weight.

The results are plotted in Figure 1 and indicate
that Sb2O3 and Ti(OBu)4 were more active cata-
lysts than was Zn(CH3COO)2. The optimum reac-
tion times were all about 50 min. In comparison

Figure 3 Change of copolymer composition with poly-of the color of the polymers obtained with Sb2O3
merization.or Ti(OBu)4 as the catalyst, the Ti(OBu)4 gave

an undesirable yellow color and Sb2O3 was chosen
as the catalyst for PECN synthesis.

The Tg of the polymers evaluated by DSC are
also tabulated in Table I. The Tg of PCN is

Properties of Copolyesters 138.37C, which is 23.17C higher than that of PEN
(115.27C). All copolymers showed single Tg valuesStructures of the copolymers were analyzed by

FTIR spectra. Two strong aromatic absorptions ap- between those of the two homopolymers, which
increased monotonically with increase in thepeared at 1600 and 1500 cm01 due to the naphtha-

lene and benzene rings along with prominent ab- CHDM content. The higher Tg’s and better ther-
mal stability of the copolyesters over PEN shouldsorptions due to ester carbonyls (1680–1700 cm01)

and methylene groups (2950 cm01). A strong hy- be ascribed to the existence of bulky and ther-
mally more stable cyclohexylene groups in thedroxy ({OH) absorption at 3450 cm01 for the start-

ing monomers (BHEN and BHCN) decreased as main chain. Figure 4 is a plot of the Tg and Tm of
the copolymers against the CHDM content in thethe reaction proceeded. The nearly complete overlap

of the peaks for aromatic PCN/PEN systems in the copolymer. The copolyesters have melting points
when the content of CHDM is larger than 85 molFTIR spectra disqualified the use of this analytical

tool for compositional analysis. %. However, between EG/CHDMÅ 75/25 and 50/
50, the copolymers were amorphous with singleFigure 2 shows the 1H-NMR spectra of the ho-

mopolymer PCN and copolymer PECN (BHEN : Tg’s and no Tm’s.
Figure 5 shows the DSC thermograms of theBHCN Å 50 : 50). The comonomer contents (EG/

CHDM) in the copolymers were determined by crystallization temperature (Tc ) of the PECN co-
polymers from the melt state. The sample was1H-NMR and are plotted against the comonomer

contents in the feed in Figure 3. The EG como- heated rapidly to the desired temperature to en-
sure complete melting and then slowly cooled tonomer contents in the copolymers were consider-

ably smaller than those in the feeds. The reason room temperature. For all compositions except
EG/CHDM Å 75/25 and 50/50, it was observedmay be that EG is more volatile than is CHDM

during the condensation step. that a single cold crystallization temperature (Tc )
occurred at 220–2807C depending upon the EGThe TGA curves of all polymers exhibited a 10%

weight loss (Td) at 453–4617C and a residual and CHDM contents. Tc increased with the
CHDM content in the copolymer from EG/CHDMweight (RW) at 5307C of 25–39% in nitrogen. Their

thermal stability increased with increase in CHDM Å 50/50 (Tc Å 0) to the homopolymer PCN (Tc

Å 2807 ) . The relationship should be attributed tocontent as shown in the TGA data of Table I.
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Table I Thermal Properties of PECN

Polymer Feed Ratio Composition of Tm Tg Td
a RW [h]

Code BHEN : BHCN Polymer EG : CHDM (7C) (7C) (7C) (%)b (dL g)

PEN 100 : 0 100 : 0 267.1 115.2 453.3 33 0.578
95 : 5 91 : 9 261.5 117.3 453.9 29 0.581
87 : 13 75 : 25 —c 122.4 455.4 27 0.573
75 : 25 50 : 50 — 124.3 458.6 25 0.617

PECN 50 : 50 15 : 85 301.9 130.8 460.6 27 0.621
25 : 75 8 : 92 311.2 134.1 461.6 35 0.633
13 : 87 5 : 95 315.8 135.2 463.6 33 0.654

PCN 0 : 100 0 : 100 320.2 138.4 465.1 39 0.584

a A 10% weight-loss temperature observed by TGA at a 207C/min heating rate in nitrogen.
b Residual weight at 5307C in nitrogen.
c —, Amorphous, no Tm.

the existence of the easily crystallizable CHDM of the copolymers increased with increase in
CHDM content of the polymers except for copoly-unit. The slight decrease in Tc for EG/CHDM

Å 91/9 is ascribed to the eutectic phenomenon as mers with EG/CHDM between 75/25 and 50/50.
The solubilities of the copolymers were deter-reported in ref. 12. The degree of crystallinity and

the half-time of crystallization for various compo- mined using powdery specimens in various sol-
vents at ambient temperature, and the results aresition copolymers are tabulated in Table II.

CHDM had a significant effect on the PECN crys- summarized in Table III. The homopolyesters
(PEN, PCN) had the poorest solubility as theytallization rate and crystallinity.

X-ray diffraction is a good tool to define the dissolved only partially in 1,1,2,2-tetrachloroeth-
behavior of the crystallization of copolyesters. The
melting temperature for variant-composition co-
polyesters in Table I can therefore be explained
by X-ray diffractograms. The WAXS curves of the
PECN copolymers are given in Figure 6. Figure 6
shows the WAXS curves of the PECN copolymers
heat-treated at 2407C for 90 min. The crystallinity

Figure 4 Glass transition temperature (Tg ) and crys-
talline melt point (Tm ) versus CHDM content in re- Figure 5 DSC traces indicating Tc of PECN copoly-

mers.actants.
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Table II Degree of Crystallinity and
Crystallization Half-time for PECN Copolymers

Polymer Composition of Polymer DCa t1/2

Code EG : CHDM (%) (s)

PEN 100 : 0 45.6 44
91 : 9 42.5 63
75 : 25 —b —
50 : 50 — —

PECN 15 : 85 52.2 35
8 : 92 56.9 29
5 : 95 59.4 27

PCN 0 : 100 65.1 24

a Degree of crystallinity estimated from X-ray diffracto-
grams.

b —, Amorphous.

ane on heating. The solubilities of the copolyesters
improved dramatically for those amorphous co-
polymers in solvents such as m-cresol, pyridine,
and tetrachloroethane. Another interesting phe-

Figure 6 WAXS diffraction intensity profiles of copo-
lyesters with different copolymer compositions (heat-
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treated at 2407C for 1.5 h).
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Figure 7 Moisture absorption for various compositions (1007C, 72 h in water).

Council of Republic of China is gratefully appreciatednomenon observed from Table III is that the en-
(NSC84-2622-E006-007).hanced solubility depended greatly on their ran-

dom composition, which makes it more difficult to
form crystalline domains.
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