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Cyclic oligomers of poly(decamethylene terephthalate) (PDT) were prepared successfully and cleanly from a 
ring-chain equilibrium reaction in dilute solution of chlorobenzene. A variety of catalysts were investigated 
for this purpose. The reactions were monitored up to equilibrium and the molar cyclization equilibrium 
constants Kx deduced. Satisfactory yields of cyclics [O(CH2)10OCO C 6H4CO]x were obtained, together with 
a higher molar mass linear polymer. Mass spectroscopic investigation showed that no monomeric ring was 
formed in the PDT reaction. The individual cyclics with x = 2-14 corresponding to 36-252 skeletal bonds 
were completely resolved using PL-gel mixed-E gel permeation chromatographic columns. The lower mass 
cyclics (x = 2 5) were cleanly extracted and then characterized. The yield of cyclics in ring-chain 
equilibrates corresponding to a solvent/polymer dilution ratio of 30/1, 60/1 and 100/1 were ca 11%, ca 30% 
and ca 50%, respectively. The Kx values for PDT cyclics were used to compare the statistical conformations 
of the corresponding PDT chains in chlorobenzene with an aliphatic polyester, poly(decamethylene 
adipate), which was studied previously. © 1997 Elsevier Science Ltd. All rights reserved. 

(Keywords: cyclic polyester; gel permeation chromatography; molar cyclization equilibrium constant) 

I N T R O D U C T I O N  

The conformational behaviour or chain 'flexibility' of  
polymers is one of the most important factors in 
influencing the properties of  the polymers. The con- 
formations of polymer chains in dilute solution can be 
investigated using a variety of techniques including laser 
light scattering, small angle neutron, scattering, visco- 
metry and dipole moment measurements 1. Considerable 
progress has been made in the interpretation of the 
average conformations of  linear polymers under 0 point 
conditions using rotational isomeric state models 1'2 
and molecular modelling techniques, despite the relative 
sparsity of detailed experimental information and data 
available in the literature. 

A most effective method of  investigating the 
conformations of  polymer chains is by the measurement 
of individual cyclic concentrations in ring-chain equili- 
brium reactions, which we have been developing in our 
laboratory 3-s. One of the aims of  our work on cyclic 
polymers has been to apply this approach to a wide range 
of polymer systems, including polysiloxanes, polyesters, 
polyethers, polyamides and polyphosphates 3-~. For  
example, the statistical conformations of siloxane 
chains -[R(CH3)SiO ]- (where R = H, CH 3, CH3CH2, 
CH3CH2CH2, CF3CH2CH2, CH2 = CH and C6H5) 
were all measured in our laboratory using the equilibrium 
cyclic concentration method, and a direct comparison of 
the various chain dimensions was carried out 5- . 

The advantages of the equilibrium cyclic concentration 

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  be  a d d r e s s e d  

method for characterizing the statistical conformations 
of oligomeric and polymeric chain molecules is that 
detailed information can be obtained over a range of  
chain lengths and in a variety of different environments. 
Such information is most useful when the statistical 
conformations of the linear polymer are interpreted 
theoretically in terms of molecular structure 1'2. Following 
our work on polysiloxane systems, we have now begun a 
general investigation of  the concentration of  cyclics in 
polyester systems, to be followed by an investigation of  
the physical and topological properties of the large ring 
molecules. 

In this paper, we examine the conformational 
consequences of phenyl groups when they are inserted 
in an aliphatic polyester chain molecule, by comparing 
the statistical conformations of  poly(decamethylene 
terephthalate) (PDT) with the already published 
data for poly(decamethylene adipate) (PDA) 9. The 
terephthalate residue is present in commercial poly- 
(ethylene terephthalate) and poly(butylene terephtha- 
late), which are also currently under investigation in our 
laboratory. 

Here we demonstrate that (i) ring-chain equilibria can 
be established in the PDT system provided a suitable 
catalyst is used and that (ii) high dilution can result in 
good yields of  pure cyclics, so that preparative gel 
permeation chromatography (g.p.c.) could be used to 
obtain sharp fractions of  these ring compounds on a 
substantial scale. Since large cyclic molecules have a 
different topology from long chain molecules, they have 

10 some quite different properties , e.g. the capacity to be 
11 12 entrapped in networks and form catenated polymers . 
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E X P E R I M E N T A L  

Materials 

Dimethyl terephthalate and 1,10-decandiol were 
obtained from Fluka Chemicals. The catalysts used were 
tetraisopropyl orthotitanate, zinc acetate and dibutyltin 
bis-(2-hexanoate), and these were obtained from Aldrich. 
All of  the above reagents were used as received. 

Preparation of  P D T  
PDT was prepared by a polymerization reaction 

between dimethyl terephthalate and 1,10-decandiol. 
Dimethyl terephthalate and 1,10-decandiol were added 
in equimolar proportions to a four-necked reaction 
vessel, which was equipped with an overhead stirrer, a 
thermometer and a distillation head. The reaction vessel 
was purged with dry nitrogen, and the temperature was 
raised to 140°C with stirring to establish thorough mixing 
and melting of the monomers. The catalyst, tetraisopropyl 
orthotitanate (0.5 wt%), was then added and the tempera- 
ture was raised to 190°C for 48h in vacuo to remove 
methanol from the system. The products were then 
allowed to cool to room temperature under a nitrogen 
atmosphere. The molar mass of  the polymer was found 
to be ca 40 000 by g.p.c. 

Preparation of  6Tclic P D T  by solution transesterification 
The high mass linear PDT obtained as described above 

was refluxed in a dilute solution of  chlorobenzene 
(30/1 w/w) with further catalyst (0.5% w/w). The trans- 
esterification reaction was performed three times with 
approximately 10g of PDT dissolved in chlorobenzene, 
each time with a different catalyst. The catalysts used 
were tetraisopropyl orthotitanate, zinc acetate and dibu- 
tyltin bis-(2-hexanoate). The progress of each reaction 
was monitored by sampling at regular intervals, drying 
the products down by rotary evaporation and then 
analysing by g.p.c. From the data obtained the molar 
cyclization equilibrium constants for the cyclics in each 
system at equilibrium were deduced. 

A further study was carried out involving ring-chain 
equilibrium reactions at different dilutions of 30/1, 60/1 
and 100/1 using 0.5% (w/w) zinc acetate, which was 
found to be the most suitable catalyst. 

Extraction of  cyclics 
The cyclics from the ring-chain equilibrium reaction 

were extracted using a mixture of petroleum ethers 
(boiling point range 40-60°C and 60 80°C). Each 
polyester sample was dissolved in three times its weight 
of chloroform and poured into a cold (0°C) 1:1 mixture 
of  the two petroleum ethers. On the addition, the linears 
immediately precipitated from solution. The ratio of 
chloroform solution to the petroleum ether mixture was 
1:8. The soluble cyclic product was collected by filtration 
and then rotary evaporated and vacuum pumped to 
dryness. 

Gel permeation chromatography 
The polyester products and cyclic extracts were analysed 

using a Knauer GPC instrument, equipped with four 
PL-gel 3 #m mixed-E columns, supplied by Polymer 
Laboratories. The instrument was fitted with a Shimadzu 
RID-6A refractive index detector. Samples were ana- 
lysed in chloroform solution at room temperature at a 
flow rate of 0.3 ml min -~ . 

Table 1 Variation in cyclic yield of PDT from the ring-chain 
equilibrium reaction with different catalysts 

Catalyst in 30/1 dilution reaction Yield of cyclics (% of total product) 

Tetraisopropyl orthotitanate 3 
Dibutyltin bis-(2-hexanoate) 8 
Zinc acetate 11 

Table 2 Effect of  dilution in PDT ring chain equilibrium reaction 
using a zinc acetate catalyst on the yield of cyclics 

Yield of  cyclics Time taken to reach 
Chlorobenzene dilution (% of  total product) equilibrium (days) 

30/1 11 6 
60/1 30 14 
100/I 50 30 

Nuclear magnetic resonance (n.m.r.) 
The 1H n.m.r, spectra were obtained on a JOEL 

270 MHz spectrometer, using deuterated chloroform as 
the solvent. 

Mass spectroscopy 
FAB mass spectra were obtained using a NOBA 

matrix and CHC13 as the solvent. 

RESULTS AND DISCUSSION 

Ring-chain reactions 

The products from the melt polymerization and 
ring-chain transesterification reactions were analysed 
by g.p.c, as described in the previous section. The results 
are shown in Figure 1. The concentrations of the resolved 
cyclic species were determined by peak area estimates 
using the GPC Logical software supplied by Polymer 
Laboratories, which assumes that all the cyclic species 
give similar responses using the refractive index detector. 
Data relating to the reaction products at equilibrium are 
given in Tables 1 and 2. Table 1 shows that zinc acetate is 
the most effective catalyst for the PDT system, yielding 
ca 11% cyclics in chlorobenzene/polymer (30/I) dilution. 
This is compared with 8% for dibutyltin bis-(2-hexano- 
ate) and 3% for tetraisopropyl orthotitanate, both under 
the same conditions. Table 2 shows that the cyclic 
concentration in the equilibrate rises with increasing 
dilution, with ca 11% at 30/1 dilution, ca 30% at 60/1 
dilution and ca 50% at 100/1 dilution. 

Extraction and characterization of  cyclic oligomers 
Following the extraction of the cyclics described in 

the Experimental section, the cyclic extracts were each 
analysed by g.p.c. One of the resulting chromatograms is 
shown in Figure 2. This was obtained from the zinc 
acetate catalysed 60/1 dilution reaction, but is represen- 
tative of all the systems. It shows a complete absence of 
linear species. 

The mass spectrum of  one of  the cyclic extracts is 
shown in Figure 3, confirming that no monomeric ring is 
formed, and the product consists of dimer and higher 
cyclic oligomers. It can easily be seen that there are peaks 
corresponding to [M] +, [MNa] + and [M-H20] + for each 
species. 

The I H n.m.r, spectra of the cyclic oligomers shows no 
evidence of end groups. An example is displayed in 
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Figure 1 G.p.c. trace ofpoly(decamethylene terephthalate) (PDT) ring-chain equilibrium reaction products in 30/1, 60/1 and 100/1 chlorobenzene- 
PDT dilutions 

Figure 4b, where it is compared with the corresponding 
spectrum for the linears produced in the reaction in 
Figure 4a. 

These characterization methods show that the PDT 
system produces large cyclic species uncontaminated by 
linear oligomers. The cyclics described in this paper could 
be used for ring opening polymerization reactions, and for 
topological studies, e.g. by entrapping them into 
networks 13'14. They could also be divided into sharp 
fractions by preparative g.p.c, to give materials suitable 
for further chemical and physical investigations. 

Analysis of results 
The investigations described here have led to the 

determination of the molar cyclization equilibrium 

constants of the cyclics [O(CH2)10OCOC6H4CO]x with 
x = 2-14. This was done from g.p.c, tracings by analysing 
peak areas of individual cyclic species, as well as the area 
of the whole reaction products by the Logical GPC 
software supplied by Polymer Laboratories. Equation 
(3) was then used to determine Kx values, using the Flory 
relationship in equation (5), assuming similar peak 
responses for the individual oligomers. 

Ring chain equilibria in this system may be represented 
as follows: 

-My- ~- -My_ x- + Mx (1) 

where -My- and -My_x- represent the chain species and 
Mx represents the x-meric cyclic compounds formed 
in the reactions. The molar cyclization equilibrium 
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G.p.c. chromatogram of cyclics extracted from the PDT ring-chain equilibrium reaction products 
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FAB mass spectrum of cyclics extracted from the PDT ring-chain equilibrium reaction products 
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Figure 4 1H n.m.r, spectra of the PDT ring-chain equilibrium reaction products, and of the cyclics extracted from the PDT ring-chain equilibrium 
reaction products 

constants K~ (mol 1-1) for the individual cyclics are given 
by 

Kx - [-Mx_y-][M~] (2) 
I-M,,-] 

For  these polyester reactions, there is a Gaussian 
distribution of chain lengths for the linears and a Flory 
distribution would apply, so that 

[Mx] 
- (3) pX 

where p represents the extent of  reaction of functional 
groups in the chain polymer 15, and the weight fraction of 
the x-meric chains is given by 

W~ = x(1 - p)ZpX-1 (4) 

where p is given by the relationshipi5: 

M0 
p = 1 - -  (5) 

Mn 

The number  average molar  mass M n of  the linear 
polymers produced in the ring-chain equilibrium reac- 
tion were estimated by g.p.c, to be greater than 30 000, so 
that even in the region x = 14, the concentrations of  
chain species are much smaller than those of the rings 
and can be neglected. 

The Jacobson-Stockmayer  theory 16'17 gives the follow- 
ing expression for the K,. values of  large ring molecules 

corresponding to chains in random coil conformations 
obeying Gaussian statistics: 

( 3 "~3/2( 1 '~ 
(6) 

mechanical Where (r2)o represents the statistical 
mean square values of  the end to end distances of  
the corresponding x-meric open chain molecules, NA is 
the Avogadro constant, and aRx is a symmetry number 
corresponding to the number  of  bonds that can open in 
the reverse reaction of equation (1) 16 . 

For  polyesters of the type described here aRx = 2x, so 
the above equation can be written as 

(3/71-) 3/2 

K x = 25/2l 3C3/2n3/2xN A (7) 

where Cx = (rZ)o/nl 2 is a ratio characteristic of  an 
x-meric cyclic with n skeletal bonds. 

Plots of  the logarithms of  the molar  cyclization 
equilibrium constants against the logarithms of the 
number of  skeletal bonds for PDT, together with 
the corresponding values for the PDA system, are 
shown in Figure 5. Both sets of  cyclic oligomers have 
18 skeletal bonds per repeat unit, and so can easily be 
compared. The log K~ versus log n plot for PDT gives a 
mean slope close to -3 .0  in the region n =-32-180 
compared to the Jacobson Stockmayer 16 limiting value 
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Figure 6 Plot of the ratios of @2r)PDT/@~)PDA versus the number of skeletal bonds n of linear PDT and PDA chains 

of -2 .5  (see Figure 5). The higher oligomers are present 
in much lower concentrations, and hence there is a 
greater uncertainty in their experimental K~- values. 

The data obtained here and in the previous study allow 
the ratio of  the statistical mechanical average of  r 2 o v e r  

all configurations of the chain ( r2 . )PDT/ ( rx )PD A t o  
be deduced over the range 36-108 skeletal bonds. The 
results are shown plotted in Figure 6. The plot shows 
that the effects of the phenyl groups on the molecular 
volumes of the lower oligomers are relatively much 
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greater ,  pa r t i cu la r ly  for  the d imer  and  the t r imer.  These  
effects are much  smal ler  f rom the t e t r amer  onwards .  I t  is 
no ted  tha t  the P D A  system yields a m o n o m e r ,  whereas  
the P D T  system does  not ,  as cou ld  be expected f rom 
molecu la r  mode l l ing  studies.  

The  ra t io  o f  ( r2) /n l  2 for  a cha in  o f  n b o n d s  for  P D T  
can be deduced  f rom the Kx values using equa t ion  (7). I t  
should  be no ted  tha t  this is no t  a t rue charac ter i s t ic  ra t io  
as the exper iments  were car r ied  ou t  in ch lorobenzene ,  
which is no t  a O-so lvent  for  the po lymer ,  Some 
expans ion  o f  the chain dimensions would  be expected 
f rom excluded vo lume effect and  there m a y  be specific 
solvent  effects ar is ing f rom the ha logena ted  solvent,  as 
descr ibed  for  po ly (d ime thy l  s i loxane)  by  F l o r y  et al. TM. 
The l imit ing value o f  (r2x)/nl z = 13 found  here is larger  
than  the co r r e spond ing  ra t io  o f  8 found  by  W o o d  et al. 9 
for  P D A  chains  in the same solvent.  These  studies 
i l lus t ra te  how measu remen t s  o f  cyclic concen t ra t ions  in 
po lymer ic  equi l ibr ia tes  can  yield deta i led  i n fo rma t ion  
re la t ing to the s ta t is t ical  c o n f o r m a t i o n s  o f  the corre-  
spond ing  chain  molecules. Fu r the r  studies o f  cyclic 
polyesters are current ly  in progress  in our  l abo ra to ry .  
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