
Introduction

Researchers, fascinated by the in-situ polymerization,

try to adopt this technique for novel monomers and oli-

gomers. Suitable reactive cyclic oligomers such as car-

bonates, phthalates and carboxylates [1–3] may be

polymerized into engineering and advanced thermo-

plastics. The major benefit of the polymerization of cy-

clic compounds is related with their low melt viscosi-

ties which can be as low as 0.02 Pa s [4]. This allows us

to use liquid resin composite molding techniques such

as resin transfer molding (RTM) and reinforced reac-

tion injection molding (RRIM) which are not available

for conventionally produced thermoplastics. One re-

cent and commercially relevant development focuses

on the preparation and polymerization of cyclic buty-

lene terephthalate (CBT) oligomers. Albeit the related

patents have been filed in the 90 s, CBT compounds

became commercially available only very recently [5].

It is often stated in the literatures that the poly-

merization of CBT to polybutylene terephthalate

(PBT) is an athermic process being an entropically-

driven ring-opening process [6, 7]. CBT polymeriza-

tion can be performed below and above the melting

temperature of the resulting PBT. The outcome is prac-

tically the same: number average molecular mass (Mn)

varies between 30 000 and 40 000 g mol
–1

, and the

polydispersity index remains at approximately 2 [8].

The residual oligomer content lies between

3–5 mass%. The industry prefers the isothermal poly-

merization below the melting of the PBT as it is ac-

companied with crystallization. This will help the pro-

ducer to remove the ‘solidified’ parts from the mold

without subsequent cooling. DSC studies on the poly-

merization of CBT have been published and informa-

tion on the crystallization and melting behavior of the

resulting PBT is also available [2, 9, 10]. Interestingly,

the modulated DSC (MDSC) technique has not been

yet adopted for that purpose although the MDSC is

predestinated to study the polymerization of CBT, in-

cluding the crystallization and melting of the PBT end

product. This is due to the fact that some overlapping

effects (polymerization/crystallization, recrystalliza-

tion/melting) can be separated by using MDSC (e.g.

[11–13]). This issue was the objective of this paper.

Experimental

CBT powder (Grade: XB3-CA4) purchased from

Cyclics Co. (Schenectady, NY, USA) was used

throughout this study. This CBT contains the catalyst

(butyltin chloride dihydroxide) and was termed as

one-component CBT. MDSC investigations were per-

formed on a TA Instruments-Waters LLC Thermal Ad-

vantage for Q-Series equipped with a Q1000
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auto-Modulated Differential Scanning Calorimeter,

connected to a liquid nitrogen cooling system (LNCS).

Scans were recorded from 0 to 200°C and 0 to 260°C,

respectively. The samples (ca. 6 mg) were held at the

upper threshold temperature for 5, 15 and 30 min, re-

spectively. This was followed by cooling and then by a

second heating, however, in that case the measurement

ended always at T=260°C. Both cooling and second

heating were performed under the same MDSC condi-

tions as the first heating. The following scanning pa-

rameters were set: heating rate of 5°C min
–1

with a

modulation of ±0.531°C min
–1

and a frequency of 40 s

under helium flow. The data were analyzed by the Uni-

versal Analysis 2000 software package of TA Instru-

ments, Version 4.1D. It has to be emphasized that no

efforts were made to study the effects of modulation

amplitude, modulation period and heating rate al-

though they affect the MDSC response considerably.

Results and discussion

Polymerization below the melting of PBT

Figure 1 shows the deconvoluted conventional (C), re-

versing (R) and non-reversing (NR) DSC traces taken

during the first heating from the CBT. The C trace dis-

plays two melting peaks: a small one at T≈100°C

(~1.5 J g
–1

) and the major one at T=140°C (~62.8 J g
–1

).

The latter is likely composed of two endotherms. The

enthalpy value of this peak is closely matched with lit-

erature data [2]. This peak is usually attributed to that

of the melting of the CBT which already started at

T≈100°C. In the non-reversing (NR) component, a

broad exothermic (T≈139°C, 22.2 J g
–1

) and one small

endothermic peak (T≈158°C, 2.1 J g
–1

) can be re-

solved. The reversing (R) component shows a broad

endotherm with a peak at T≈140°C (79.4 J g
–1

). It is

worth of noting that the above enthalpy values, sum-

marized also in Table 1, proved to be very well repro-

ducible. The most interesting finding is the relative

broad exothermic peak with quite high enthalpy value

in the NR trace. According to this the polymerization is

not athermic or thermoneutral when this peak can be

unequivocally assigned to the polymerization. This is,

however, not an easy task. Note that the various CBT

oligomers (dimers, trimers, etc.) started to melt at

T≈100°C – cf. C and R traces in Fig. 1. This is superim-

posed to exothermic changes owing to catalyst activa-

tion and/or polymerization (the shape of the NR curve

suggests a combined action). If polymerization runs,

however, more or less parallel with the CBT melting,

then PBT could be produced even at T≈140°C. Rheo-

logical measurements under this isothermal condition

indicated a strong viscosity increase after long holding

time [14]. As a consequence, the exothermic peak at

T≈140°C on the NR trace should be linked with the

polymerization process. One can thus quote that the

polymerization (or initiation) reaction of CBT is, in-

deed, of exothermic character. However, this process is

superimposed to that of the melting of the CBT oligo-

mers. So, the apparent ‘athermic’ reaction is just inter-

play between polymerization-dependent exothermic

and melting-related endothermic effects.

In the subsequent cooling MDSC traces

(cf. Fig. 2) the Tg step at T≈40°C is obvious – cf. R

component. The exotherms in the C and NR traces at

T≈170°C are ascribed to crystallization. Note that this

has been started during the first MDSC run

(cf. Fig. 1). The assignment to crystallization is sup-

ported by the fact that this peak disappears with in-

creasing holding time at T=200°C.
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Table 1 MDSC data on CBT samples heated to/hold at T=200°C

MDSC trace Temperature/ºC, Enthalpy/J g
–1

First heat

R

C

NR

≈140/–78.6

≈102/–1.5 ;≈140/–62.3

≈139/+22.2;≈157/–2.1

Second heat

R

C

NR

≈226/–22.8 (5 min); –23.8 (15 min); –20.1 (30 min)

≈225/–64.4 (5 min); –69.0 (15 min); –68.3 (30 min)

≈225/–41.7 ( 5 min); –45.7 (15 min); –48.3 (30 min)

Endotherms and exotherms are indicated by – and + signs, respectively. Change due to the holding time is indicated for the second

heat. First heat data are mean values from 3 parallel measurements

Fig. 1 Characteristic R, C and NR traces recorded during the

first heating of CBT ending at T=200ºC



The MDSC traces registered during the second

heating are shown in Fig. 3. Note that all traces show

endotherm peaks in the same temperature range (ex-

cept a negligible exothermic peak in the NR trace just

above the melting temperature of the PBT– T≈225°C;

0.5 J g
–1

). The appearance of both R and NR melting

indicates that the population of PBT crystals formed

differs in their degree of perfection. The NR contribu-

tion increases whereas the R-type melting decreases

at least above t≥15 min (– cf. Table 1) as a function of

the holding time at T=200°C. This can be attributed to

the development of more, however, less perfect PBT

crystals. This is intuitive as in an already crystallized

solid only imperfect crystals may form additionally.

Polymerization above the melting of PBT

The MDSC traces registered in the first heating up to

T=260°C (cf. Fig. 4) show two additional features to

those measured up to T=200°C (cf. Fig. 1). First an

exothermic peak appears at T=198°C which represents

the crystallization – cf. C and NR traces in Fig. 4. Note

that this process was broken during the test series end-

ing at T=200ºC. On the other hand, the C and NR traces

in Fig. 4 corroborate our assignment in respect to crys-

tallization in Fig. 1. Second, this peak is followed by an

endothermic one at T=225ºC which represents the

melting of the crystalline PBT – cf. C and NR traces in

Fig. 4. Note that the crystallization and melt enthalpies

are practically the same (C trace in Fig. 4, and also data

in Table 2) which is in concert with the expectation.

One can also recognize that the crystallization is a

completely NR process which is again in line with the

MDSC fundamentals. On the other hand, melting is a

combined R+NR process which likely reflects the si-

multaneous presence of more and less perfect PBT

crystals, respectively.

Figure 5 shows the MDSC traces taken during

cooling. In the R trace, the Tg step is obvious at

T=43°C. The physical meaning, if any, of the peculiar

signal at T=200°C in the R trace (marked by a ques-

tion mark) is unknown. The crystallization of the mol-

ten PBT at T≈198°C in the C and NR traces is well re-

solved (cf. Fig. 5). Note that this process should com-

pletely be a NR type. The MDSC traces of the second

melting show an endothermic double peak (T=216

and 223°C) in the R and C responses, and the related

melting process is associated with a pronounced heat

release (cf. Fig. 6).

Before discussing the possible reason of the dou-

bling in the melting peak, it is straightforward to

check how the melting behavior was influenced by

the holding time during the first run. This is shown in

Fig. 7, and summarized in Table 3. Note that for the

splitting of the double melting peak the integration,
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Fig. 3 Characteristic R, C and NR traces recorded during the

second heating which ended at T=260ºC

Fig. 2 R, C and NR traces recorded during cooling from

T=200ºC after 15 min holding time

Table 2 MDSC data on CBT samples heated to/hold at T=260°C

MDSC trace Temperature/ºC, Enthalpy/J g
–1

First heat

R

C

NR

≈140/–78.6; ≈225/–9.6

≈101/–1.4; ≈140/–63.1; ≈198/+24.2; ≈225/–26.4

≈140/+22.6; ≈156/–1.2; ≈198/+27.3; ≈225/–17.4

Cooling

R

C

NR

(Tg≈43ºC)

≈198/+47.4

≈198/+44.4

The effect of holding time on the results of cooling was negligible and thus not indicated separately. For other notes those of

Table 1 are applicable
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Fig. 5 R, C and NR traces monitored during cooling from

T=260ºC after 5 min holding time. Note: Authors are

not aware of the meaning of the signal with question

mark in the R trace

Fig. 4 Characteristic R, C and NR traces recorded during the

first heating of CBT ending at T=260ºC

Fig. 6 R, C and NR traces monitored during the second heat-

ing up to T=260ºC. Notes: This sample was hold for 5

min at T=260ºC during the first heating. This figure

also shows how the double melting peak has been split

for the enthalpy determination

Fig. 7 Change in the reversing (R) double melting feature of

the PBT as a function of the holding time (t) at

T=260ºC during the first heating

Table 3 Effect of holding time at T=260°C for the MDSC data derived from the second heating

Holding time/min

Enthalpy/J g
–1

endotherm exotherm

T=217ºC T=223ºC T=218ºC

Reversing

5

15

30

–63.7

–54.6

–60.4

–18.1

–26.6

–40.5

–

–

–

Conventional

5

15

30

–33.4

–25.4

–23.4

–13.2

–46.1

–23.9

–

–

–

Non reversing

5

15

30

–

–

–

–

–

–

+35.3

+35.1

+53.6



demonstrated in Figs 6 and 7 (cf. traces R and C), was

followed. The tendencies which can be derived from

Fig. 7 and Table 3 are as follows: the relative enthalpy

of the higher to the lower melting peak increases

(based on the R and C traces) and this goes parallel

with an increase in the exothermic peak of the NR re-

sponse. This suggests that the double melting, often

observed for PBT [15], is caused by remelt-

ing/recrystallization processes. This is obviously af-

fected by the melt annealing at T=260°C. On the other

hand, the large exothermic peak behind this crystal

perfection procedure (NR traces; 35–50 J g
–1

) is un-

usually high. This should be linked with the peculiari-

ties of the PBT produced from CBT.

Note that the above treatise disregarded any

changes in the CBT conversion and in the molecular

mass (distribution) of the resulting PBT. Our prelimi-

nary studies showed that those aspects can be ne-

glected in the first approximation, in fact, owing to the

fast conversion of CBT. Further, it was found that

polymerization below and above the melting tempera-

ture of PBT affects mostly the average molecular mass,

Mn and less the polydispersity (the latter remains at

ca. 2.6). The molecular mass is lower when CBT is

polymerized above the PBT melting. With increasing

melt annealing Mn reduces further. This should result

in higher crystallinity and more perfect crystals com-

pared to the low temperature polymerization route. Re-

call that the latter route will produce solidified PBT via

crystallization. Comparing the R melting enthalpies of

the second heating run for low (cf. Table 1) and high

polymerization temperature (cf. Table 3) the above

speculation seems to be verified.

Conclusions

Based on this study devoted to investigate the poly-

merization, crystallization and melting behavior of

one-component cyclic butylene terephthalate (CBT)

oligomers via modulated DSC technique, the follow-

ing conclusions can be drawn:

• The polymerization of CBT is non athermic. The

heat of polymerization derived from the NR trace is

ca. 22 J g
–1

. Its development overlaps, however,

with that of the CBT melting at T=140°C.

• The crystallization and especially the melting behav-

ior of the resulting PBT depend on whether the poly-

merization was performed below or above the PBT

melting. The later method results in PBT showing

double melting characteristics. Double melting fea-

ture was assigned to crystal perfection owing to

remelting/recrystallization process. It was speculated

that the onset of double melting is influenced by the

mean molecular mass of the resulting PBT which is

changing as a function of polymerization conditions

(performed below or above of the PBT melting).
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