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Non-Stoichiometric Polycondensations and the 
Synthesis of High Molar Mass Polycondensates

  Hans R.   Kricheldorf  ,   *      Mikhail G.   Zolotukhin  ,       Jorge   Cárdenas  
 This report presents a general overview of non-stoichiometric step-growth polymerizations 
(polycondensations). Three kinds of non-stoichiometric polycondensations are defi ned and 
discussed for  a 2    +   b 2   monomer combinations. Depending on the kinetic scenario and on the 
experimental conditions, the excess of one monomer either strongly reduces or strongly 
enhances the average degree of polymerization (DP) relative to a stoichiometric polycondensa-
tion under identical conditions. As a result, telechelic oligomers or extremely high molar mass 
polymers (DPs  >  1000) may be formed. Stoichiometric imbalance has in all cases the conse-
quence that cyclization is largely suppressed in early stages of a polycondensation. Finally, non-
stoichiometric “ a 2    +   b n  ” poly-
condensations are discussed.   
  1. Introduction 

 Polycondensations may be subdivided into two groups 
according to the structure of the monomers, namely into 
 a-b  monomers and into  a 2    +   b 2   monomer combinations. 
As pointed out in a previous review article [  1  ]  both systems 
differ largely in various aspects. Polycondensations of 
 a-b  monomers exclusively yield oligomers and polymers 
having one “ a ” and one “ b ” chain end, so that cyclization 
can effi ciently compete with chain growth. If the mono-
mers react faster with each other than with oligomers 
and polymers, or if the monomers react slower with 
each other, has no infl uence on the cyclization tendency 
( V  cy / V  pr ) or on the fi nal DP. 
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 For polycondensations of  a 2    +   b 2   monomers three dif-
ferent scenarios may be defi ned:  

 I)     Monomers, oligomers and polymers possess nearly 
identical reactivities. Chains having two “ a ”, two “ b ” 
or one “ a ” and one “ b ” end group are present, and in 
the case of ideal stoichiometry their molar ratio will 
be 1:1:2. This is the normal or standard case of an 
“ a 2    +   b 2  ” polycondensation.   

 II)     The monomers react faster with each other than with 
oligomers and polymers. In this case a relatively high 
concentration of dimers will be formed in the begin-
ning, but the further course of the polycondensation 
resembles the standard case  I .   

 III)     The reaction of one monomer (say  b 2  ) with monomer 
 a 2   or with “ a ” end groups is slower than the growing 
steps of the “ b ” end groups. In other words, the “ b ” 
end groups are activated relative to monomer  b 2  . The 
fast reactions of “ b ” end groups with  a 2   monomers 
have the consequence that oligomers and polymers 
having two “ a ” end groups prevail in the reaction 
mixture. This scenario is usually called non-stoichio-
metric polycondensation in a narrower sense, because 
the addition of excess  b 2   monomer accelerates the 
polycondensation and yields higher DPs.    

 A non-stoichiometric monomer mixture may also be 
used in the standard case  I . Here, an excess of  b 2   reduces 
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the DP and produces an excess of chains having two “ b ” 
end groups. Such a polycondensation is of interest for the 
preparation of telechelic oligomers and polymers (type  Ia ). 
In contrast to the non-stoichiometric polycondensation 
of Type  III , an excess of  b 2   has the consequence that oli-
gomers having two “ b ” end groups prevail in the reaction 
mixture and the DP is kept low. However, standard poly-
condensations may also be performed in such a way that 
the monomer used in excess (say  b 2  ) is gradually removed 
from the reaction mixture (e.g., by distillation, Type  Ib ) or 
by side reaction (Type  Ic ). In the text below, the discussion 
is focused on the role of the cyclization reaction, because 
this aspect is fundamental to the proper understanding 
of non-stoichiometric polycondensations and because 
this aspect has never been discussed before. In addition 
to literature data, new results from the polycondensa-
tions of isophthaloyl chloride and 1,6-hexanediol or two 
bisphenols will be considered. Finally, the infl uence of 
non-stoichiometric feed ratios on the course of “ a 2   +  b n  ” 
polycondensations is described. Again cyclization plays a 
decisive role in the successful syntheses of soluble reac-
tion products and in their architecture.  

  2. Results and Discussion 

  2.1. Type I Polycondensations 

  2.1.1 Polyester Syntheses in Bulk

  Syntheses of polyesters and polyamides by  a 2    +   b 2   poly-
condensations in bulk (i.e., in the melt) were fi rst studied 
by Carothers and co-workers in the years 1930–1935. [  3–10  ]  
After they had learned how to remove the water effi -
ciently from the molten reaction mixture, they prepared 
the fi rst high molar mass polyesters and polyamides 
(number average molar masses,   M   n   >  12 000 Da), and thus 
the fi rst man-made fi bers. In contrast to all the other poly-
condensations described in the following sections, these 
polycondensations involve rapid equilibration reactions 
and may be called thermodynamically controlled poly-
condensations. These equilibrations are ester-ester inter-
change and transamidation reactions respectively, on the 
one hand, and the formation of cycles by “back-biting”, on 
the other. 

 The historic syntheses of polyamides and the modern 
production of Nylons are based on perfectly stoichio-
metric monomer combinations. Non-stoichiometric 
polycondensations have not attracted any interest in the 
fi eld of polyamides. The situation may be different in 
the case of polyesters depending on the volatility of the 
diols. When long aliphatic diols of low volatility are used, 
relatively high molar mass polyesters may be obtained 
from stoichiometric monomer mixtures. Carothers and 
co-workers indeed prepared their fi rst “superpolyesters” 
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in this way. However, when relatively volatile diols, such 
as ethanediol, 1,3-propanediol or 1,4-butanediol, serve as 
monomers, a signifi cant excess (up to 100% or more) is 
typically used to avoid an excess of the less volatile dicar-
boxylic acids in the reaction mixture due to distillation 
of the diol. However, when relatively volatile dimethyl 
esters of aliphatic dicarboxylic acids are used as the reac-
tion partners of diols, equimolar monomer mixtures may 
again be the optimum stoichiometry. 

 In the case of terephthalic acid, the dimethyl ester is 
condensed with an excess of the more volatile diols, with 
1815
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     Scheme  1 .     Synthesis of poly(alkylene terephthalate)s and poten-
tial side reactions.  
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     Scheme  2 .     Back-biting and end-biting in syntheses of poly-
(ethylene terephthalate).  
the consequence that below 200  ° C bis(o-hydroxyalkyl)
terephthalates are formed as the fi rst reaction prod-
ucts (Scheme  1 ). The isolation and properties have been 
described in the literature. [  11–13  ]  The excess of diols serves 
not only the purpose of compensating for the loss by dis-
tillation, it has also to compensate for the loss by side 
reactions. The three most frequent and well documented 
side reactions are, fi rst, the formation of linear ethers 
such as di(ethylene glycol); second, the formation of cyclic 
ethers such as dioxane or tetrahydrofuran (Scheme  1 ); and 
third, the cis-ß-elimination yielding unsaturated chain 
ends (Scheme  1 ). The cyclization is typical for 1,4-butane-
diol and the ß-elimination most frequently occurs in poly-
condensations of ethanediol.  

 Due to the rapid transesterifi cation reactions 
(Scheme  2 ) that may occur in these systems, cyclic 
oligoesters are formed by back-biting. Furthermore 
cyclic polymers may result from end-to-end cycliza-
tion (end-biting). In previous publications, attempts 
were made to determine the frequency and ring size of 
cyclic oligo(ethylene terephthalate)s by extraction. [  14  ,  15  ]  
Cyclic oligoesters having a DP up to 5 were isolated and 
the authors believed that a quantitative extraction of 
the cycles was achieved. However, extraction is a nice 
method to separate oligomers from polymers, but not 
for the separation of cyclics from linear polymers. As 
demonstrated for Nylons, the quantitative extraction of 
Macromol. Rapid Commun
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cycles is not feasible when the polymers contain cycles 
with masses  >  1000 Da. [  16  ,  17  ]  Unfortunately, good MALDI-
TOF mass spectra of PET, PPT and PBT are relatively diffi -
cult to measure. However, at least one MALDI-TOF mass 
spectrum of a PBT sample with a mass range  >  10 000 Da 
has been reported, [  18  ]  and the cycles were the prevailing 
species up to 12 000 Da. This result clearly demonstrates 
that the formation of cyclics is not limited to low oli-
gomers. Due to cyclization and side reactions, it is dif-
fi cult to prepare poly(alkylene terephthalate)s having 
  M   n   >  15 000 Da, even when the excess of the diol is quan-
titatively removed.  

 In this regard the production of aromatic polycar-
bonates by the transesterifi cation of diphenols with 
diphenylcarbonate in the melt should be mentioned. [  19  ]  
These polycondensations are conducted with an excess 
of diphenylcarbonate in the fi rst stage of the process, 
and the desired DP is controlled by the gradual removal 
of phenol by distillation. On the one hand, this type of 
transesterifi cation involves less side reactions than the 
syntheses of PET or PBT, but, on the other hand, extremely 
high molar mass polycarbonates are not needed by the 
chemical industry. 

 Whereas it is intended in most technical syntheses of 
PET, PPT and PBT to achieve high molar mass polyester, 
the technical production of aliphatic polyesters with 
an excess of diol is aimed at telechelic polymers having 
two CH 2 OH end groups. A typical example (seemingly 
the oldest one) is poly(1,6-hexanediol adipate) which 
has been produced since World War II by Bayer AG. Due 
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     Scheme  3 .     Dependence of the DP on the molar rate of  a 2  / b 2   (here A/B) monomers, as defi ned by P. Flory. [  2  ]   
to their low  T  g  (–50 to –60  ° C depending on the DP), tel-
echelic polyesters can serve as soft segments in thermo-
plastic elastomers such as elastic polyurethanes. In this 
application, aliphatic polyesters compete with telechelic 
poly(ether diol)s. 

 At this point it should be mentioned that P. Flory has 
elaborated mathematical formulas correlating the excess 
of one monomer with the DP (Scheme  3 ). [  2  ]  However, Flory 
did not consider the role of cyclization in his theory of 
step-growth polymerization The excess of one monomer 
strongly reduces the effi ciency of cyclization, because 
all the oligomers and polymers having two identical 
end groups cannot cyclize. The predominance of chains 
having two identical end groups decreases when the stoi-
chiometry approaches unity (see below), and Flory's equa-
tion approaches the reality mainly for non-stoichiometric 
polycondensation with an excess  > 10%.    

 2.1.2 Non-Stoichiometric Polycondensations in Solution

  Several commercial polycondensates are technically pro-
duced in solution, for example, polyaramides, polyim-
ides, poly(ether sulfone)s and poly(ether ketone)s. These 
polymers are normally produced on the basis of stoichi-
ometric monomer mixtures, and the molar masses are 
controlled by the addition of monofunctional chain ter-
minators or by time and temperature (i.e., by incomplete 
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conversion). However, non-stoichiometric polycondensa-
tions may be of interest for the preparation of telechelic 
oligomers and polymers. Due to high  T  g s and good solu-
bility in various organic solvents, telechelic poly(ether 
sulfone)s have been prepared by several research 
groups. [  20–22  ]  Usually the diphenol was used in excess to 
obtain chains having two phenolic OH end groups. Var-
ious block-copolymers were prepared from these telech-
elics, and their mechanical and physical properties were 
studied. Further telechelic oligoethers based on poly-
condensations with an excess of a diphenol have been 
described in the literature [  20  ,  21  ]  (an exhaustive citation of 
all papers dealing with telechelic oligomers having two 
phenolic end groups is not intended). 

 For  a 2    +   b 2   polycondensations in solution with the pur-
pose of preparing high molar mass polymers, three dif-
ferent experimental procedures may be considered (in 
contrast to  a-b  monomers). These three procedures are 
here exemplarily discussed for pyridine-promoted poly-
condensations of 1,6-hexanediol and isophthaloyl chlo-
ride (IPCl) (Scheme  4 ).  

 Method  A : 1,6-hexanediol and IPCl are mixed in solu-
tion and pyridine is (slowly) added. 

 Method  B : 1,6 hexanediol and pyridine are mixed in 
solution and a solution of IPCl is slowly added. 

 Method  C : A solution of 1,6-hexanediol and pyridine is 
slowly added to a solution of IPCl. 
1817
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     Scheme  4 .     Reaction products resulting from polycondensation of 1,6-hexanediol and 
IPCl.  

   Table  1.     Polycondensation of 1,6-hexanediol and isophthaloyl 
chloride (IPCl). 

Exp. No. Method a)  Excess of IPCl 
(mol%)

Yield 
(%)

  M   n  
(Da) b)  

PD b)  

1 A 0 89.0 5000 2.75

2 A 2 89.5 5200 3.30

3 B 0 84.0 5500 2.40

4 B 2 88.0 6200 3.20

    a) In dichloromethane at 20–25  ° C;      b) SEC measurements in THF 
calibrated with polystyrene.   
 As for any other  a 2    +   b 2   polycondensation, four reaction 
products will be formed (Scheme  4 ) 

 These are cycles (labelled  C ), linear chains having one 
“ a ” and one “ b ” end group (labelled  La ), chains having 
two nucleophilic (OH) end groups (labelled  Lb ) and chains 
having two electrophilic (CO–Cl) end groups (labelled  Lc ). 
This system of labelling reaction products will be used 
throughout this work in agreement with previous publi-
cations of the fi rst author. 

 When a polycondensation is conducted according to 
method  A , and when it takes an ideal course, the molar 
ratio of  La / Lb / Lc  will be 2/1/1 regardless of the conver-
sion. Only  La  chains can cyclize, but reactions of  Lb  with 
 Lc  chains yield  La  chains, and thus, the fraction of cycles 
increases with higher conversions until all reaction prod-
ucts are cycles at 100% conversion. In the case of method 
 B ,  Lb  chains which cannot cyclize are the predominant 
reaction products up to high conversions and the compe-
tition of cyclization is reduced. However, when all IPCl is 
added to the reaction mixture, cyclization becomes the 
main reaction, because the fraction of  La  chains (relative 
to  Lb  and  Lc ) increases, whereas its absolute molar frac-
tion is low and further deceases with higher conversions 
according to the law of self-dilution. [  23  ]  The low concen-
tration of  La  favors cyclization due to the Ruggli–Ziegler 
Dilution Principle. [  24  ]  In other words, method  B  also yields 
cycles at 100% conversion, but their average molar mass 
is higher than that of the cycles obtained via method  A . 
Method  C  is the mirror image of method  B . Initially, the 
formation of  Lc  chains is favored and the infl uence of 
cyclization is suppressed, but with increasing conver-
sion and fi nally perfect stoichiometry, cyclization again 
becomes the main reaction. 

 To the best of our knowledge, a systematic study of 
the three different procedures and their consequences 
for chain growth has never been published. However, a 
few experiments conducted for this work and compiled 
8
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in Table  1  suggest that the aforemen-
tioned considerations are correct. All 
polycondensations of 1,6-hexanediol 
and IPCl conducted via method  B  gave 
higher molar masses than those per-
formed via method  A . The degree to 
which methods  B  and  C  contribute to 
chain growth at the expense of cycliza-
tion depends on the rate of chain growth 
versus the rate of monomer addition. As 
discussed below, interfacial polyconden-
sations may be particularly well suited 

to profi t from this scenario.   

   2.1.3. Interfacial Polycondensations 

  The synthetic strategy of interfacial 

polycondensations was formulated for the fi rst time for 
the preparation of polyamides by E. Magat and D. R. Stra-
chan in a US patent in 1955. [  25  ]  In the years 1959–1965, 
P. W. Morgan and co-workers elaborated a broad and 
detailed study of interfacial polycondensations for various 
polymers. [  26–28  ]  This strategy has found broad applica-
tions for research purposes, because relatively high molar 
masses can be obtained without perfect stoichiometry. 
However, for the technical production of polymers it has 
two disadvantages. First, dry organic solvents are needed 
when reactive monomers such as dicarboxylic acid chlo-
rides or phosgene are used. Second, large amounts of salt 
solutions are formed as by-products. Nonetheless, the 
production of polycarbonates by interfacial phosgenation 
has proven to be a viable technical process for more than 
50 years. [  29  ,  30  ]  

 The commercial polycarbonates mainly or exclusively 
consist of bisphenol-A and usually possess usually   M   n s 
below 30 000 Da. When polycarbonates are processed 
by extrusion (e.g., for the production of safety glass) 
relatively high   M   n s are used. For injection molding, low 
melt viscosities are advantageous, and the   M   n s of poly-
carbonates used for compact discs usually fall in the 
range 11 000-13 000 Da. Therefore the chemical industry 
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   Table  2.     Infl uence of catalyst concentration on the molecular 
weight in interfacial phosgenations of bisphenol A. Data taken 
from ref.  [  32  ] . 

Exp. No. Catalyst Cat./Bisphenol 
A

Inh.Visc. 
(dL g  − 1 ) a)  

1 Triethylamine 2/20 7.71

2 Triethylamine 4/20 3.42

3 Triethylamine 8/20 0.82

4 Triethylamine 12/20 0.32

5 TEBA-Cl b) 1/20 0.18

6 TEBA-Cl b) 2/20 0.89

7 TEBA-Cl b) 4/20 3.29

8 TEBA-Cl b) 8/20 6.35

9 TEBA-Cl b) 12/20 6.80 c) 

    a) Measured at 20  ° C with  c   =  2 g L  − 1  in dichloromethane;  
    b) Tetrabutyl ammonium chloride;      c)   M   n   =  295 kDa,   M   w   =  1050 kDa 
(by SEC).   

     Scheme  5 .     Activation of chloroformiate groups and reaction intermediates in the phos-
genation of bisphenol A.  
did not have much interest in exploring reaction condi-
tions yielding maximum   M   n s. 

 Fifty years after the invention of aromatic polycar-
bonates, the fi rst author of this article launched a detailed 
study on the phosgenation of bisphenol A and bisphenol 
M. Dichloromethane and aqueous sodium hydroxide solu-
tions served as reaction media (in analogy to the technical 
process), and triethylamine or quarternary phosphonium 
salts were used as phase transfer (PT) catalysts. Triethyl-
amine is the standard catalyst for technical phosgena-
tion, and it has been known for a long time that it plays a 
dual role in this process. First, it forms a salt with the phe-
nolic OH groups and acts as a PT catalyst. Second, it forms 
a complex with phosgene and chloroformiate groups 
(Scheme  5 ). This complex activates the chloroformiate 
groups and accelerates chain growth and cyclization, but 
also favors hydrolysis. In contrast, quarternary phospho-
nium or ammonium salts exclusively act as PT catalysts. 
This difference needs to be noted, because triethylamine 
and the other PT catalysts showed opposite trends in oth-
erwise identical phosgenation experiments (Table  2 ). [  31  ,  32  ]  
Triethylamine gave the highest molar masses at low 
catalyst concentration, whereas tetrabutyl ammonium 
chloride yielded the highest molar masses at high cata-
lyst concentrations. SEC measurements based on triple 
detection gave   M   n  values in the range 300–400 kDa with 
  M   w s above 1000 kDa. To the best of our knowledge, these 
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are the highest reliably measured molar 
masses of polycondensates reported so 
far (high   M   n s reported for membrane 
osmosis measurements are meaning-
less, because that method is intrinsi-
cally unsuitable for the characterization 
of polycondensates). The MALDI-TOF 
mass spectra of the best polycarbonate 
samples exclusively displayed peaks 
of cycles indicating that the reaction 
conditions were close to the optimum. 
In the case of samples fractionated by 
SEC, cycles up to 55 000 Da were detect-
able [  32  ]  and larger cycles were certainly 
present, but the limitation of the MALDI 
method did not allow for their detec-
tion. In summary, it may be concluded 
that an interfacial phosgenation of 
diphenols is a pseudo-ideal polyconden-
sation, because the only signifi cant side 
reaction, the hydrolysis of chlorofor-
miate groups, can be compensated for 
by an excess of (di)phosgene.   

 Finally several polycondensations 
of bisphenol A and diphosgene were 
conducted in a homogeneous phase 
(dichloromethane  +  dioxane) with pyri-
dine as a catalyst and HCl acceptor. The amount of diphos-
gene was varied to compensate for decomposition and 
other side reactions. The best result was a   M   n  of 15 000 Da. 
The MALDI-TOF mass spectrum displayed an almost 
exclusive formation of cycles indicating that stoichiom-
etry and reaction conditions were close to the optimum. 
These results mean that the maximum   M   n s which can 
1819eim
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     Scheme  6 .     Polycondensation of bisphenol C and isophthaloyl chloride.  
be achieved by interfacial polycondensation are at least a 
factor of 20 higher than those obtainable in a dry homo-
geneous reaction medium. [  33  ,  34  ]  This conspicuous result 
can be explained in the following way. The diphenol anion 
is gradually transported into the organic phase where it is 
confronted with an enormous excess of (di)phosgene and 
oligomers and polymers having two chloroformiate end 
groups ( Lc  chains in Scheme  5 ). Therefore, the intermedi-
ately formed  La  chains, the only species which can cyclize, 
will rapidly react with (di)phosgene or  Lc  chains yielding 
new  Lc  chains. Therefore the chance for cyclization is much 
lower than in homogeneous polycondensations where the 
 La  chains are the predominant intermediates. Yet, close to 
the end of the polycondensation, when all the (di)phosgene 
and part of the chloroformiate groups are consumed by 
hydrolysis and condensation steps, the  La  chain will pre-
vail and cyclize, so that fi nally most of the reaction prod-
ucts are cyclic polycarbonates, but with a higher average 
DP than in the case of an analogous polycondensation in 
the homo geneous phase. 
0
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 If this interpretation is correct, the 
trend that interfacial polycondensations 
yield higher molar masses than the cor-
responding polycondensations under 
homogeneous conditions should also be 
observable for other monomer combi-
nations. However this aspect has never 
been investigated in previous studies 
of interfacial polycondensations, just 
as the role of cyclization in step-growth 
polymerization has largely been ignored 
due to the infl uence of Flory's theory. 

 At this point it should be noted that, 
for several reasons, polycondensa-
tions of diamines and dicarboxylic acid 
dichlorides are not suitable for such 
studies. Firstly, all polyamides forming 
H-bonds are insoluble in the inert sol-
vents needed for interfacial polyconden-
sations. Secondly, aromatic diamines 
are not nucleophilic enough to compete 
with hydrolysis of the acid chloride 
groups. Thirdly, aliphatic diamines are 
too basic for clean polycondensations 
in a homogeneous phase. Therefore, 
polycondensations of 1,1-bis(4-hydrox-
yphenyl)cyclohexane (bisphenol C) 
with isophthaloyl chloride (Scheme  6 ) 
were studied in the present work (the 
synthesis of this polyester was known 
before). [  28  ]  Bisphenol A was replaced 
with bisphenol C, because it was found 
that the polyisophthalate of bisphenol 
A was neither completely soluble in 
dichloromethane nor in chloroform. The experiments 
compiled in Table  3  evidence that, in analogy to the phos-
genation of bisphenol A, an increasing amount of PT-cat-
alyst favored higher molar masses in the interfacial poly-
condensations (Nos. 1–4 in Table  3 ). Also in analogy with 
the interfacial polycondensation of bisphenol-A, bimodal 
molecular weight distributions were observed (Figure  1  
and  2 , curves A). When the low molar mass maxima of 
the elution curves were separated by SEC and analyzed by 
MALDI-TOF mass spectrometry, cyclics were almost exclu-
sively detected (Figure  3 ).      

 The polycondensations in homogeneous solutions 
(No. 7–10) were performed with two different amine 
catalysts and with slight variation of the stoichiometry 
to come close to the optimum conditions. In agreement 
with previous polyester syntheses, the higher molar 
masses were achieved with a slight excess of isophthaloyl 
chloride regardless of the tertiary amine. In the case of 
bisphenol C, the results achieved with pyridine were 
worse than those obtained with triethyl amine in contrast 
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   Table  3.     Polycondensations of bisphenol C with isophthaloyl chloride. 

Exp. No. Method Catalyst Cat/IPCl Excess of IPCl 
(mol%)

Yield 
(%)

  M   n  
(Da) a)  

PD a)  

1 Interfacial Pol. Triethylamine 0.2/100 0 82.0 7000 2.8

2 Interfacial Pol. Triethylamine 1/100 0 85.5 14 000 3.5

3 Interfacial Pol. Ph 4 PCl 1/100 0 74.0 170 000 13.0

4 Interfacial Pol. Ph 4 PCl 2/100 0 73.0 155 000 18.0

5 Interfacial Pol. Ph 4 PCl 4/100 0 72.0 170 000 18.5

6 Interfacial Pol. Ph 4 PCl 8/100 0 72.5 175 000 19.5

7 Homogen Pol. Pyridine 4/1 0 98.5 13 000 2.8

8 Homogen Pol. Pyridine 4/1 1 99.0 15 000 3.0

9 Homogen Pol. Triethylamine 4/1 0 99.5 37 000 3.7

10 Homogen Pol. Triethylamine 4/1 1 99.5 42 000 3.7

    a) SEC measurements in chloroform at 30  ° C calibrated with polystyrene.   

     Figure  1 .     SEC elution curves of poly(bisphenol C isophthalate)
s. (A) PT-catalyzed interfacial polycondensation No. 3, Table  3 . 
(B) Pyridine-catalyzed polycondensation in homogeneous solu-
tion No. 8, Table  3 .  

     Figure  2 .     SEC elution curves of poly(bisphenol C isophthalate)s: 
(A) PT-catalyzed interfacial polycondensation, No. 5, Table  3 . 
(B) Triethylamine-catalyzed polycondensation in homogeneous 
solution No. 9, Table  3 .  

     Figure  3 .     MALDI-TOF mass spectrum of the low molar mass frac-
tion of poly(bisphenol C isophthalate), No. 5, Table  3 .  
to the above-mentioned polycondensations of 1,6-hexan-
ediol. Monomodal molecular weight distributions were 
found (Figure  1 , curve A) and the MALDI TOF mass spectra 
revealed incomplete conversions and side reactions. For 
the triethylamine catalyzed samples (No. 9, 10, Table  3 ) 
the MALDI-TOF mass spectra revealed almost complete 
conversion with formation of cyclics, so that the mass 
spectra were nearly identical with that of Figure  3 . Sur-
prisingly, the SEC elution curves of the triethylamine cata-
lyzed samples displayed a slight tendency in the direction 
of a bimodal distribution (Figure  2 , curve B). 

 In other words, the correlation between synthetic 
method and molar masses agreed with the trends 
observed for syntheses of polycarbonates. Hence, the 
explanation is the same. The  Lc  chains (Scheme  6 ) are the 
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     Scheme  7 .     Mesomeric formulas of ethers and esters formed from hydroquinone.  
prevailing species up to high conver-
sions, and thus cyclization will mainly 
occur at high conversions, when rela-
tively long chains have already been 
formed. The SEC measurements also 
revealed another analogy. The SEC elu-
tion curves of the interfacial polyesters 
were bimodal with a maximum in the 
low molar mass range and a consider-
ably higher maximum in the high molar 
mass range (Figure  1 , curve A). When 
the low molar mass fraction was iso-
lated by SEC, MALDI-TOF mass spectra 
revealed that this fraction exclusively 
consisted of cycles (Figure  3 ). Similar 

elution curves were found for polycarbonates prepared by 
interfacial polycondensation, whereas the polycarbonates 
and polyesters prepared in a homogeneous phase gave a 
normal monomodal elution curve (Figure  1 , curve B). The 
lower molar masses of the polyesters relative to those of 
the polycarbonates are mainly a consequence of the fact 
that hydrolysis of acid chloride groups generates dead 
end groups. Therefore it is particularly remarkable that, 
under homogeneous conditions which reduce the risk of 
hydrolysis, the molar masses are lower. The MALDI-TOF 
mass spectra of the polyesters prepared in the homoge-
neous phase (No. 7–10, Table  3 ), which almost exclusively 
display peaks of cycles, prove that not low conversions 
but effi cient cyclization was the reason for the limitation 
of the chain growth. Therefore, these results clearly dem-
onstrate that the course of interfacial polycondensations 
can only be rationalized when the role of cyclization is 
taken into account. 

 A signifi cant infl uence of a biphasic reaction mixture on 
the competition between chain growth and cyclization is 
not limited to interfacial polycondensation involving two 
liquid phases. Reactions between a dissolved monomer 
and a solid reaction partner may also obey the trends dis-
cussed above. A typical example is the polycondensation 
of dichloro methyl phenyl silane mediated by metallic 
sodium in toluene under ultrasonic irradiation. [  35  ]  Since 
the resulting oligo- and polysilanes can delocalize radicals 
and electric charges along their conjugated backbone, the 
Si–Cl end groups are more reactive towards sodium than 
the Si–Cl groups of the monomers. At fi rst a radical anion 
is formed which, after elimination of a Cl anion, yields a 
sodium silicide end group. The silicide anion reacts fast 
with Si–Cl groups of monomers, because they are more 
electrophilic than the Si–Cl groups of oligomers and poly-
mers due to the lack of conjugation. Hence, in the early 
stages of polycondensation the reaction mixture mainly 
contains polysilane chains having two Si–Cl end groups, 
which cannot cyclize but continue the chain growth. 
Consequently, long polysilane chains are formed at low 
Macromol. Rapid Commu
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conversions, but more and more cycles are formed at 
higher conversions.   

  2.2. Type II Polycondensations 

 This group of polycondensations is characterized by rela-
tively rapid reactions between  a 2   and  b 2   monomers. In 
other words, the reaction between  a 2   and  b 2   monomers 
results in a (slight) deactivation of the “ a ” and “ b ” end 
groups of the dimer and longer chains. Examples of such a 
kinetic scenario are rare and mainly concern polyconden-
sations of hydroquinone or catechols with aromatic 
reaction partners, such as 4,4-dichlorodiphenylsulfone, 
4,4'-difl uorobenzoquinone (Scheme  7 , right) or tereph-
thaloyl chloride (Scheme  7 , left). The mesomeric formulas 
presented in Scheme  7  illustrate how the delocalization of 
electron pairs reduces the reactivity of the end groups of 
the dimers. When long diphenols with interrupted con-
jugation are used, such as bisphenol A, the reactivity of 
the OH groups is, of course, not affected by the formation 
of ester or ether groups, and polycondensations of such 
diphenols do not belong to type  II . In the case of true 
type  II  polycondensations, an excess of one monomer has 
the only consequence that telechelic oligomers will be 
formed, quite analogous to Type  I  polycondensation, and 
thus, a further discussion of Type  II  polycondensations is 
not needed.   

  2.3. Type III Polycondensations 

 The apparently oldest successful non-stoichiometric poly-
condensation of Type  III  is a synthesis of poly(phenylene 
sulfi de), PPS, patented by J. Edmonds and H. Hill in 1967. [  36  ]  
Low molar mass PPS was fi rst mentioned in 1878 as an 
undesired by-product, when Friedel and Crafts studied 
AlCl 3  catalyzed reactions of benzene with elemental 
sulfur. [  37  ]  A more detailed study of this reaction was pub-
lished by P. Genvress about ten years later. [  38  ,  39  ]  It took fi fty 
more years until a more attractive laboratory method was 
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     Scheme  8 .     Potential formation of cycles in the synthesis of PPS from 1,4-dichloroben-
zene and Na 2 S.  
reported by McCallum. [  40  ]  He described 
the polycondensation of 1,4-dichlo-
robenzene with sulfur and potassium 
carbonate in the melt. Unfortunately, 
this approach involves branching and 
crosslinking reactions, the extent of 
which increases with time and temper-
ature. R. Lenz and other co-workers of 
Dow Chemical Company attempted to 
eliminate or reduce the problems associ-
ated with the A. McCallum reaction [  41–43  ]  
but a satisfactory procedure allowing 
for a technical production of PPS was 
not found. In contrast, the polyconden-
sation of 1,4-dichlorobenzene with 
sodium sulfi de in a polar solvent such 
as N-methylpyrrolidone, as described by 
J. Edmonds and H. Hill, yields perfectly 
linear PPs. [  36  ]  The relatively low molar 
masses obtained by the original proce-
dure can be raised to values of around 
35 000 Da by the addition of metal car-
boxylates as catalysts. [  44  ]  Based on this 

process, PPS was commercialized by Phillips Petroleum 
under the trade mark Ryton. Several variations of the syn-
thetic procedure and of the chemical structure were later 
reported by other authors. [  45  ]  

 Typical for the Edmonds–Hill approach is the fi nding 
that an excess of sodium sulfi de accelerates the chain 
growth and enhances the molar mass. Both effects are 
also characteristic for all Type  III  polycondensations dis-
cussed below. However, in the case of PPS, an excess of 
sodium sulfi de has the additional effect that more than 
the stoichiometric amount of sulfur is incorporated in 
the form of disulfi de groups. Sergeev and Nedelkin pro-
posed [  46,47  ]  a simple nucleophilic substitution in analogy 
to the mechanism proposed by R. Lenz et al. for poly-
condensations of 4-chloro- (or bromo-)thiophenol, [  43  ]  
but such a mechanism cannot explain the formation 
of disulfi de groups. In a detailed mechanistic study 
including various model reactions, Koch and Heitz also 
observed that the reactivity of the C–X bonds increased 
in the order Cl < Br < I. [  48  ,  49  ]  This order is in contradiction to 
the pattern of the classical nucleophilic substitution at 
aromatic C–X bonds which is: F >  > Cl > Br > I. Yet, the order 
of reactivity found by Koch and Heitz is known from 
radical nucleophilic substitution (S NR ) fi rst described by 
Bunnet. [  50  ]  Those authors also found using SEC meas-
urements that relatively high molar mass oligomers 
are formed at conversions  <  50%, in contradiction to 
Carothers classical theory of polycondensation. Koch and 
Heitz postulated the radical cationic mechanism and 
called this reaction pathway a “reactive intermediate 
mechanism”. They assumed that the oligomeric radical 
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cations resulting from the attack of an activated mon-
omer onto an oligomeric chain end are better stabilized 
by delocalization and thus react preferentially with the 
monomer. A mathematical treatment of this PPS syn-
thesis was published by Rajan et al. [  51  ,  52  ]  Second order 
kinetics were found for the fi rst 50% of conversion fol-
lowed by a 40 times faster chain growth. However, the 
mechanism of Koch and Heitz does not answer the fol-
lowing questions. Firstly, how is the H–S radical formed, 
which initiates the entire process? Secondly, why do 
metal carboxylates catalyze these polycondensations? 
Thirdly, are cycles formed, and how is their formation 
correlated with the excess of sodium sulfi de? The mech-
anism of Koch and Heitz allows, in principle, the forma-
tion of cyclic sulfi des and disulfi des (Scheme  8 ) which 
will, in turn, reduce the effi ciency of the chain growth. 
Since analytical methods allowing for the detection of 
cyclics in the reaction mixture did not exist at that time, 
it is not surprising that a discussion of cyclization reac-
tions was not included in the mechanistic discussions. 
In summary, the reaction mechanism of the synthetic 
method patented by Edmonds and Hill is still far from 
properly understood.  

 Another class of non-stoichiometric polycondensa-
tions was elaborated by Hay et al. [  53–55  ]  at General Electric 
around 1983, namely the synthesis of polyformals from 
diphenols and dibromo- or dichloromethane (Scheme 
 9 ). Twenty years before that, Barclay [  56  ]  had prepared 
telechelic, low molar mass polyformals from stoichio-
metric amounts of bromochloromethane and the potas-
sium salt of bisphenol A in hot DMSO (Scheme  9 ). How-
1823
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     Scheme  9 .     Potential reaction steps and products in stoichiometric polycondensations of 
bisphenol A salts with dihalomethanes.  
ever, that work did not provide any hint to the advanta-
geous use of non-stoichiometric monomer mixtures. 
Further interesting results were contributed by organic 
chemists. A. Kellop et al. observed that bis-(4-tert.butyl 
pheno xy)methane was formed as the main product when 
4-tert-butyl phenol was alkylated with benzylchloride 
in dichloromethane under phase-transfer conditions. [  57  ]  
Furthermore, Dehmlow and Schmidt reported that high 
yields of bis(phenoxy)methane could be obtained when 
phenol and solid KOH were stirred in dichloromethane at 
20–22  ° C. [  58  ]  These results indicated that the intermedi-
ately formed phenoxychloromethane is far more reactive 
than the monomer dichloromethane which was used as 
the reaction medium in large excess.  

 On the basis of these results, A. S. Hay et al. explored 
the polycondensation of bisphenol A with KOH in dichlo-
romethane using a tetraalkyl ammonium chloride as PT-
catalyst. They observed that a thick, pasty mass of the 
dipotassium salt of bisphenol A was fi rst obtained which 
reacted slowly with dichloromethane. The expected 
polyformal was isolated after 18 h in a yield of 49%. 
After raising the temperature from 25 to 35  ° C, the yield 
increased to 70% and the inherent viscosity of the isolated 
polyformal doubled. In a mixture of dichloromethane 
and chlorobenzene, a reaction temperature of 75  ° C was 
Macromol. Rapid Commun. 2012,  33,  1814−1832
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reached, whereby the yield rose to 93% 
within 4 h. A similar yield and viscosity 
was obtained in a dichloromethane-N-
methylpyrrolidone mixture in a much 
shorter time (1 h). The use of NaOH 
again gave similar results. 

 Those authors also observed that 
the amorphous polyformal contained 
a small fraction of crystalline mate-
rial which was isolated and identifi ed 
as cyclic dimer and trimer. With these 
cycles in hand, the peaks of oligomers in 
the high resolution SEC curves were cal-
ibrated and cyclic oligomers up to a DP 
of 25 were detected in the reaction mix-
tures. Depending on the reaction con-
ditions, the fraction of cycles reached 
an extent of 66%. Higher temperatures, 
higher concentrations of the PT-cata-
lyst and the use of a polar solvent (e.g., 
N-methyl pyrrolidone) favored higher 
yields, higher molar masses and shorter 
reaction times. Finally, those authors 
found that the speed of stirring and 
mixing had a signifi cant infl uence on 
the result. Adding an excess of dibro-
momethane to a preformed suspension 
of the potassium salt of bisphenol A at 
80  ° C in N-methylpyrrolidone using a 
high-speed stirrer gave the highest molar masses and 
polyformals free of cyclic oligomers (but not necessarily 
free of cyclic polymers).   M   n  values up to 250 000 Da were 
reported (  M   w   =  333800 Da). 

 A. Hay et al. forwarded the following mechanistic 
explanation. When only small amounts of bisphenol A 
salts slowly dissolve in a non-polar reaction medium, 
the slowly formed  La  species (monomer and oligomers, 
Scheme  9 ) will have a relatively high concentration com-
pared to  Lb  and  Lc  chains which cannot cyclize. The for-
mation of cycles is then favored because the absolute 
concentration of  La  chains is low, so that cyclization dom-
inates over the intermolecular condensation of two  La  
chains according to the “Ruggli-Ziegler Dilution Principle”. 
All parameters favoring a rapid dissolution of bisphenol A 
salts in the reaction medium accelerate the transforma-
tion of  La  chains into  Lb  chains, because the reactivity of 
the OCH 2 Cl (or Br) groups is far higher than that of CH 2 X 2  
( k  2   >  >   k  1  in Scheme  9 ). In other words, those authors attrib-
uted the success of a rapid polycondensation yielding high 
molar masses mainly to the suppression of cyclization. 
Therefore, the results of Hay et al. demonstrate that the 
course of Type  III  non-stoichiometric polycondensations 
requires the role of cyclization to be considered to under-
stand it properly. 
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     Scheme  10 .     Reaction steps and products of the polycondensation of dibromomethane 
with 4,4′-thiobisbenzenethiol.  
 From a preparative point of view, it is worth men-
tioning that the Hay group prepared polyformals of 
more than fi fteen different diphenols. Furthermore, 
copoly(esterformal)s were synthesized starting out 
from OH-terminated telechelic oligoethers, which were 
obtained by polycondensation of the bisphenol A dipo-
tassium salt and 1,4-bis(chloromethyl)benzene. This 
oligomerization is a normal Type  I  polycondensation, 
because the reactivities of the end groups of the oligomers 
are identical with those of the monomers. Furthermore, 
fl uorine containing polyformals were prepared by a 
Japanese research group, [  59  ]  and the kinetic phenomena 
reported by the Hay group were again observed, but 
     Scheme  11 .     Overall reaction and individual reaction steps in the polycondensation of 
bisphenol-A and 2,2-dichloro-1,3-benzodioxole.  
molecular weight measurements were 
not performed. 

 A similar non-stoichiometric poly-
condensation was also reported by 
Ueda and co-workers. [  60  ]  They studied 
the reaction between 1,4-bismercapto-
diphenylsulfi de and dibromomethane 
(Scheme  10 ). They again found two stage 
kinetics (with  k  2   =  61  ×   k  1 ) and observed 
that the excess of dibromomethane 
enhanced the reaction rate and molar 
mass. However, concrete   M   n  or   M   w  
measurements were not reported. 

 In 1999, Endo and co-workers 
described polycondensations of 
bisphenol A with 2,2-dichloro-1,3-ben-
zodioxol, a process yielding aromatic 
poly(ortho-carbonate)s under evolu-
tion of gaseous HCl (Scheme  11 ). [  61  ]  Two 
stage kinetics were found, and, from 
model reactions using 4-alkyl phenols 
as substitutes of bisphenol A, a  k  2 / k  1  
ratio of 27 was deduced. An excess of 
the dichloro monomer accelerated the 
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entire process and gave higher molar 
masses. Systematic variation of the 
feed ratio resulted in a maximum   M   n  
of 120 000 Da (polydispersity 2.5) based 
on polystyrene-calibrated SEC measure-
ments. Although those authors also per-
formed molecular orbital calculations 
to provide a theoretical background 
for the reactivities of the reaction part-
ners, they did not discuss the role of 
cyclization and they did not interprete 
the reaction pathway on the basis of 
the reaction intermediates  La ,  Lb ,  Lc  
and  C  (Scheme  12 ). Yet, it is obvious 
that that the infl uence of an excess of 
2,2-dichloro-1,3-benzodioxol is quite 
similar to that of dichloromethane in 
the work of A. Hay et al. An excess of the electrophilic 
reaction partner reduces the lifetime and concentration 
of the  La  chains and, thus, suppresses the negative effect 
of cyclization reactions.    

 Finally, super acid catalyzed polyalkylation of aromatic 
monomers need discussion. The hydroxyalkylation and 
polycondensation of phenols with aldehydes or their sub-
stitutes has been known since 1872 from a publication 
of von Bayer. [  62  ]  Afterwards, numerous authors contrib-
uted papers and patents to this fi eld of work and, in 1907, 
Baekeland patented a procedure suitable for the technical 
production of Bakelite based on the polycondensation of 
phenol and formaldehyde. [  63  ,  64  ]  Over the last ten years, 
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     Scheme  12 .     Reaction products of the polycondensation of bisphenol-A and 2,2-dichloro-
1,3-benzodioxole.  
Zolotukhin et al. have reported several times on trif-
luoromethane sulfonic acid (trifl ic acid) catalyzed poly-
condensations of fl uorinated ketones with various aro-
matic monomers, such as biphenyl, diphenyl ether or 
4,4-diphenoxybenzophenone. [  65–72  ]  This process may yield 
high molar mass polymers when catalyzed by trifl ic acid 
and when the ketone is used in excess. The mechanistic 
course of such a polycondensation is exemplarily outlined 
in Scheme  13 . Further examples of poly(alkylene arylene)
s prepared in this way are formulated in Scheme  14 . The 
model reaction of anisol with methane sulfonic acid and 
trifl ic acid was studied and a clean para substitution was 
found.   

 Regardless of which monomer combination was used, it 
     Scheme  13 .     Reaction pathway of a superacid catalyzed polycondensation of trifl uoroac-
etophenone and diphenyl ether.  
was found that an excess of the ketone 
dramatically enhanced the molar 
masses of the polycondensates. For the 
polymer derived from trifl uoroacetone 
and 4,4'-diphenoxybenzophenone, a 
maximum   M   n  of around 250 000 Da 
was achieved and the inherent viscosi-
ties of the other polymers suggested 
that, in most experiments,   M   n  values 
in the range 100 000–200 000 Da were 
obtained. [  72  ]  In most cases relatively 
high polydispersities were also found 
(up to 4.5), which suggests, together 
with small broad signals in the  1 H 
NMR spectra, that at long reaction 
times branching reactions occur which 
involve the ortho positions of the aro-
matic repeat units. Kinetic measure-
ments were not performed, but from 
calculations of activation energies it 
was concluded that the growing steps 
( k  2  in Scheme  13 ) are faster than the 
Macromol. Rapid Commun. 2012,  33,  1814−1832
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reaction between both monomers ( k  1 ). 
In the MALDI-TOF mass spectra of the 
low molar mass polymer prepared from 
equimolar amounts of the trifl uoroace-
tone and 4,4'-diphenoxybenzophenone, 
cycles were detectable, but the  Lb  chains 
were largely prevailing. This fi nding 
means that the low molar mass was 
mainly a consequence of low conver-
sion and not so much due to cyclization. 
Cyclic oligomers were also observed in 
the mass spectrum of the high molar 
mass polymer, which means that cycli-
zation was not completely suppressed, 
even when the excess of the ketone 
favoured a rapid chain growth. However, 
a clear cut correlation between reaction 
conditions and extent of cyclization was 
not elaborated, and further studies in this direction are 
still needed. 

 For the sake of completion it should be mentioned that 
several arylation polycondensations involving two-step 
kinetics have been published, [  73–79  ]  but in all cases only 
stoichiometric feed ratios were used.  

  2.4. “A 2   +  B n ” Polycondensations 

 In the case of “ a 2    +   b 2  ” polycondensations, the equimolar 
feed ratio is necessarily identical to the equifunctional 
ratio (meaning equal numbers of functional groups). In 
the case of “ a 2    +   b n  ” polycondensations, the equimolar and 
equifunctional monomer ratios are quite different and 
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     Scheme  14 .     Examples of the polyalkylation reactions described. [  68  ,  72  ]   
yield different architectures. Depending on the purpose 
of a polycondensation, both monomer ratios may be con-
sidered to be stoichiometric, but when the terminology of 
“ a 2    +   b 2  ” polycondensations is consequently applied, equi-
functional feed ratios are non-stoichiometric. 

 Even when the equifunctional ratio is considered as stoi-
chiometric, three different regimes of non-stoichiometric 
“ a 2    +   b   n  ” polycondensations may be defi ned:  

 1)     [ a 2  ]/[ b  n ]  <  1.0/1.0 (equimolar);   
 2)     equimolar  <  [ a 2  ]/ b n  ]  <  equifunctional (1.5/1.0 for  b 3   

and 2.0/1.0 for  b  4 );   
 3)     [ a 2  ]/[ b n  ]  >  equifunctional.    

 The fi eld of non-stoichiometric “ a 2    +   b n  ” polycondensa-
tions may be further complicated when two-step kinetics 
are involved in analogy to the type  III  polycondensa-
tions discussed above. Furthermore, it must be taken into 
account that the initial monomer concentration (IMC) 
plays a greater role in the architecture of the reaction 
products than it does in the case of “ a 2    +   b 2  ” polyconden-
sations. However, the overriding trend is the same: lower 
IMCs favor cyclization according to the Ruggli–Ziegler 
Dilution Principle. From the viewpoint of the resulting 
 
www.MaterialsViews.com

     Scheme  15 .     Examples of multicyclic oligomers resulting from “ a 2    +   b  3 ” polycondensations
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architecture, eight sets of reaction con-
ditions may be defi ned on the basis of 
the aforementioned parameters consid-
ering conversions  >  99%, but without 
considering kinetic details:  

 A)     [ a 2  ]/[ b n  ]  <  1/1 and moderate or high 
IMCs (e.g.,  >  0.2 mol L  − 1 ) yield more 
or less branched oligomers and low 
molar mass polymers almost free 
of cyclic elements and exclusively 
“decorated” with “b” groups.   

 B)     Equimolar stoichiometry and 
high IMC (e.g.,  >  0. 6 mol L  − 1 ) yield 
(hyper)branched polymers mostly 
containing a cyclic core and only 
“ b ” groups at 100% conversion.   

 C)     [ a 2  ]/[ b n  ]  >  1.0/1.0 and  <  1.5/1.0 (b 3 ) or 
 <  2.0/1.0 (b 4 ) and high IMCs yield gels.   
 D)      [ a 2  ]/[ b n  ]  >  1.0/1.0 and  <  1.5/1.0 (B§9 or  <  2.0/1.0 
(b4) and moderate IMCs (e.g., 0.01–0.2 mol L–1) may 
yield soluble multicyclic polymers rich in “b” groups 
(see Scheme  15 ).

     E)     Equifunctional feed ratios and high IMCs yield gels.   
 F)     Equifunctional feed ratios and moderate IMCs (e.g., 

0.01–0.1 mol L  − 1 ) yield multicyclic polymers free of 
functional groups at 100% conversion (see Scheme  15 ).   

 G)     Equifunctional feed ratios and low IMCs (e.g., 
10  − 5  mol L  − 1 ) yield bicyclic or tricyclic oligomers.   

 H)     [ a 2  ]/[ b n  ]  >  equifunctional and high IMCs yield gels 
and multicyclic polymers having “a” groups at molar 
ratios close to equifunctional or yield branched oli-
gomers at very high [ a 2  ]/[ b n  ] ratios (see Scheme  15 ).    

 Polycondensations corresponding to the non-stoichi-
ometric scenarios A, C and G have rarely been studied. 
The oldest examples of “ a 2    +   b 3  ” polycondensations cor-
respond to scenarios A and B, namely polycondensations 
of phenol (or anisol) with formaldehyde or its substi-
tutes (e.g., CH 2 Br 2 , dimethoxymethane or hexamethylene 
tetramine). A fi rst short description of such a polyconden-
sation (based on dimethoxymethane) was published by 
von Bayer in 1872, [  80  ]  and the fi rst polycondensation of free 
1827
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     Scheme  16 .     Formula of “Novolac” and monomers used for non-stoichiometric “ a 2   +  b 3  ” 
polycondensations.  
formaldehyde was reported by Kleeberg 
in 1991. [  81  ]  Yet, at that time a characteri-
zation of the polymeric reaction prod-
ucts was not feasible. In later studies by 
various authors, stoichiometry, catalyst 
and temperature were systematically 
varied. [  82–84  ]  The reaction product of the 
acid catalyzed polycondensation of for-
maldehyde with an excess of phenol is 
called “Novolac” (meaning new Shellac). 
It is a viscous liquid based on oligomers 
which consist of 10–20 phenolic units 
mainly connected by methylene groups 
(Scheme  16 ). Novolac has still many 
application in the 21 st  century [  84  ]  most 
of which involve a curing process. For 
this purpose hexamethylene tetramine 
and an acidic catalyst are added, fol-
lowed by heating up to temperatures 
around 180  ° C. Depending on the reac-
tion conditions a more or less elastic 
hard material or coating is obtained. 
With regard to the above presented list 
of non-stoichiometric polycondensa-
tions, the curing of Novolac represents a 
change from scenario A to C.  

 The thermal cure of liquid phenol 
formaldehyde resin with the purpose of 
obtaining a hard, chemically and ther-
mally stable material was studied by 
several research groups before World 
War I. [  82  ,  83  ,  85–88  ]  Finally, L. Baekeland 
developed a technical process which 
yielded a material having the desired 

properties and called it Bakelite. [  82  ,  83  ,  85–89  ]  The combina-
tion of excess formaldehyde (relative to the equimolar 
ratio), addition of an acidic catalyst, temperatures above 
100  ° C and pressure was so successful that a reproducible 
production and commercialization of Bakelite was fea-
sible. Between both World Wars, Bakelite found numerous 
applications, mostly in the form of a composite fi lled with 
wood fl our. Bakelite was the fi rst synthetic polymer, the 
fi rst composite material and the fi rst non-stoichiometric 
polycondensation which had commercial success. It is 
still used in the 21 st  century for niche applications, for 
instance, in the Middle East as jewellery substituting 
amber. 

 Several attempts to prepare and characterize soluble 
polymers according to scenarios D and F were reported by 
Kricheldorf and co-workers. [  90–100  ]  Prior to a comment on 
individual reactions, it should be mentioned that special 
sum formulas and structural formulas were developed for 
a precise and short labelling of the cyclic and multicyclic 
polymers resulting from “ a 2    +   b n  ” polycondensations with 
Macromol. Rapid Commu
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[a 2 ]/[b n ] ratios  >  1.0/1.0. Scheme  16  presents examples of 
products resulting from scenarios D, F and H. More infor-
mation is available from the experimental papers and 
from two review articles. [  101  ,  102  ]  

 Free or (preferentially) silylated phloroglucinol and 
1,1,1-tris(4-hydroxyphenyl)ethane (THPE) were reacted 
with activated difl uoroaromatics under conditions 
yielding polyethers with conversions far above 99% 
(Scheme  16 ). The silylation of the triphenols reduced the 
risk of oxidation of the intermediately formed phenoxide 
anions without hindering the polycondensation. Poly-
condensations of silylated phloroglucinol and 4,4′-dif-
luorodiphenylsulfone (DFDS) yielded gels at [ a 2  ]/[ b 3  ] 
ratios of 1.3/1.0 or higher despite an IMC of only 0.12 mol 
L  − 1 . [  90  ]  Analogous polycondensations of THPE resulted in 
crosslinking at a feed ratio of 1.2/1.0. [  91  ]  Yet, when the 
IMC was lowered to 0.05 mol L  − 1  all reaction products 
were soluble regardless of the stoichiometry, [  92  ]  and per-
fect multicycles were obtained from the equifunctional 
feed ratio. 
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     Scheme  17 .     Monomers used for non-stoichiometric “ a 2    +   b 3  ” polycondensations.  
 Particularly interesting were poly-
condensations of silylated THPE with 2,6- 
and 2,4-difl uorobenzonitrile [  93  ]  or with 
2,6- and 2,4-difl uorobenzophenone. [  94  ]  
At a THPE concentration of 0.12 mol 
L  − 1 , 2,6-difl uorobenzonitrile yielded gels 
at feed ratios  >  1.1/1.0. Yet, at the same 
IMC, the 2,4- isomer yielded completely 
soluble polyethers for all feed ratios. 
Analogous results were obtained from 
the isomeric difl uorobenzophenones 
(Scheme  16 ). Conformational analyses 
by computer modelling revealed that the 
2,6-isomers favored extended chain con-
formations which were disadvantageous 
for cyclization. [  94  ]  Non-stoichiometric 
polycondensations of 2,6-difl uoropy-
ridine took the same course as 2,4-dif-
luorobenzonitrile or 2,4-difl uorobenzo-
phenone because this monomer favored 
loop conformations. [  95  ]  At an IMC of 0.12 
mol L  − 1  soluble cyclic and multicyclic 
polyethers were obtained from all feed 
ratios. An extraordinary MALDI-TOF 
mass spectrum proved that the forma-
tion of perfect multicycles (Scheme  15 , 
scenario F) was not limited to oligomers, 

but proceeded at least up to masses around 32 000 Da cor-
responding to a degree of polymerization of 77. 

 Furthermore, polycondensations of two trifl uoroaro-
matics with various silylated diphenols were reported 
(Scheme  17 ). [  96  ,  97  ]  It was found that the risk of crosslinking 
increased with greater stiffness of the diphenol and with a 
wider bond angle between the OH groups. In other words, 
all structural parameters favoring extended chain confor-
mations were negative for the formation of soluble (multi)
cyclic reaction products. Apparently for steric reasons, 
nearly quantitative conversions were not achieved at the 
equifunctional feed ratio, regardless of which monomer 
combination was used. Finally, syntheses of perfect mul-
ticyclic polyesters were reported for polycondensations 
of tri- or tetra(ethylene glycol) with trimesoyl chloride 
(benzene-1,3,5-tricarbonyl chloride). [  98  ]  Even at an IMC of 
0.4 mol L  − 1  gelation did not occur, because the gauche con-
formations of the oligo(ethylene glycol)s favor cyclization. 
In contrast a, ω -alkanediols, which prefer the all-trans 
conformation, gave gels even at an IMC of 0.04 mol L  − 1 . In 
summary, for all the aforementioned polycondensations 
the following overriding trends were observed:   

 I)     The risk of crosslinking (gelation) increases with 
higher [a 2 ]/[b 3 ] ratios.  

  II)     Crosslinking is also favored by extended chain confor-
mations of the reaction products.  
 
www.MaterialsViews.com
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  III)     Cyclization is favoured by dilution.  
  IV)     Even at an equimolar feed ratio, the reaction products 

contain considerable amounts of monocyclic species.   
 V)     Feed ratios above 1.0/1.0 yield more and more com-

plex multicycles, the functionality of which follows 
the trend illustrated in Scheme  15 .    

 Numerous “ a 2    +   b 4  ” polycondensations were also 
studied by several research groups. These include equi-
molar polycondensations yielding (hyper) branched low 
molar mass polymers, equifunctional polycondensa-
tions at high IMCs yielding   gels and equifunctional poly-
condensations with moderate IMCs yielding soluble, per-
fect multicycles. 

 Systematic variations of the stoichiometry were not 
studied, and thus a more detailed description of these 
polycondensations is not presented in this work. Poly-
condensations “ a 2    +   b 4  ” were also discussed in two recent 
review articles. [  99  ,  100  ]    

  3. Conclusion 

 Non-stoichiometric polycondensations of “ a 2   +  b 2  ” mono-
mers have in common that, over a large part of the conver-
sion, the molar ratio of  a 2   and  b 2   in the liquid phase is far 
from unity. The primary consequence is a predominance 
of oligomers and polymers having identical end groups. 
In a perfectly stoichiometric reaction mixture, chains 
1829
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having one “ a ” and one “ b ” end group prevail and cycli-
zation of these “ a - b -chains” competes with chain growth 
over the whole course of the polycondensation. However, 
in non-stoichiometric polycondensations, the infl uence of 
cyclization is strongly reduced, and extremely high molar 
mass polycondensates may be obtained, if side reactions 
are absent. 

 For most of the conversion many non-stoichiometric 
polycondensations (above all Type  III  and interfacial 
polycondensations) obey the defi nition of a condensa-
tive chain polymerization, CCP (IUPAC terminology). A 
CCP is characterized by a chain growth kinetic, whereas 
each growing step involves an elimination step and rep-
resents a condensation reaction. In an ideal CCP the chain 
growth exclusively proceeds by the reaction of monomers 
with an activated chain end, whereas all other reactions 
typical for a true polycondensation are absent. In the case 
of non-stoichiometric polycondensations cyclization and 
reactions between oligomers or oligomers and polymers 
may occur. Yet, a signifi cant infl uence of cyclization is 
usually limited to high conversions, when the stoichiom-
etry gradually approaches unity, and when the molar con-
centration of linear chains is very low. [  101  ]  Combinations 
of CCP and polycondensation are an attractive approach 
to the preparation of cyclic polymers. Other examples of 
combined chain- and step-growth polymerizations have 
recently been reviewed. [  102  ]  

 In the case of “ a 2    +   b n  ” polycondensations, efficient 
cyclization reactions are desirable because any factor 
suppressing cyclization favours crosslinking. Non-
stoichiometric “ a 2    +   b n  ” polycondensations with feed 
ratios  >  1.0/1.0 under conditions avoiding gelation are 
of great interest, because they yield a new architec-
ture, namely multicyclic polymers. By variation of the 
stoichiometry, multicycles having pendant “ a ” or “ b ” 
groups and multicycles bare of any functional groups 
may be prepared (see Scheme  15 ). Regardless of func-
tional groups, these polymers are promising materials 
for such applications as thermosets or high tempera-
ture adhesives. Yet these and other applications still 
need to be explored.  

  4. Experimental Part 

  4.1. Materials 

 Bisphenol A (purity 99.5%), bisphenol-C (1,1-bis(4-hydrox-
yphenyl)cyclohexane) (purity 99.0%), isophthaloyl chloride 
(purity 99.0%), 1,6-hexanediol (purity 99.0%) and tetraphenyl 
phosphonium chloride (TPC) were purchased from Aldrich 
(Steinheim, Germany) and used as received. Dichloromethane 
was distilled over P 4 O 10 , and pyridine was distilled over calcium 
hydride.  
Macromol. Rapid Commu
© 2012  WILEY-VCH Verlag G
  4.2. Polymerization Procedure 

  4.2.1. Polycondensations of 1,6-hexanediol 
and isophthaloylchloride (IPCl) 

  4.2.1.1. Method  A  .  1,6-hexanediol (50  ×  10  − 3  mol) and IPCl (51 
 ×  10  − 3  mol) were dissolved in dichloromethane (100 mL) and a 
solution of pyridine (200  ×  10  − 3  mol) in dichlorommethane (40 
mL) was added dropwise. The reaction mixture was stirred over-
night at 22  ° C, concentrated to a volume of approx. 90 mL and 
precipitated into methanol (800 mL).  
  4.2.1.2. Method  B  .  1,6-hexanediol (50  ×  10  − 3  mol) and pyridine 
(200  ×  10  − 3  mol) were dissolved in dichloromethane (100 mL) 
and the solution of IPCl (51  ×  10  − 3  mol) in dichloromethane was 
added dropwise over a period of 2 h. The reaction mixture was 
stirred for 20 h more, and worked up as described above.   

  4.2.2 Polycondensations of Bisphenol C and IPCl (Table  3 ) 

  4.2.2.1. Interfacial Polycondensations (No. 2).   Bisphenol-C 
(30  ×  10  − 3  mol) was suspended and partially dissolved in water 
(150 mL) containing sodium hydroxide (66  ×  10  − 3  mol). IPCl 
(30  ×  10  − 3  mol) and TPC (30  ×  10  − 3  mol) were dissolved in dry 
dichloromethane (200 mL). Both solutions were cooled in a refrig-
erator (2  ° C) for approximately 20 h. Afterwards, both solutions 
were mixed and rapidly stirred for 2 h under cooling with ice. 
Stirring was then continued for 20 h without cooling. The reac-
tion mixture was then diluted with dichloromethane (100 mL), 
the water phase was removed and the organic phase was washed 
with water (150 mL). After drying with a small amount of 
sodium sulfate, the organic phase was concentrated to a volume 
of approximately 80 mL and poured into methanol (800 mL). The 
precipitated polyester was isolated by fi ltration and dried at 50  ° C 
in vacuo. 

 Experiments 1, 3 and 4 were performed analogously, but 
in the case of No. 4, the reaction mixture was diluted with 
200 mL of dichloromethane and 100 mL of water prior to the 
phase separation. 

 Analogous polycondensations were performed with larger 
amounts of PT-catalyst.  
  4.2.2.2. Polycondensation in Homogeneous Solution (No. 1 and 
2, Table  3 ).   Bisphenol-C (30  ×  10  − 3  mol) and IPCl (30  ×  10  − 3  mol) 
were dissolved in dry dichloromethane (180 mL) and cooled to 
approximately 4 ° C. A solution of pyridine (120  ×  10  − 3  mol) in 
dichloromethane (20 mL) was added rapidly (but dropwise). The 
reaction mixture was stirred without cooling for 20 h, concen-
trated to a volume of approximately 80 mL and precipitated into 
methanol. Experiments No. 6 and 7 were performed analogously.
Analogous polycondensations were conducted with triethyl 
amine (No. 3 and 4.)   

  4.2.3. Measurements 

 The MALDI-TOF mass spectra were measured on a Bruker “Smart-
beam” (  λ    =  355  μ m) spectrometer in the linear mode with an 
acceleration voltage of 20 kV. The irradiation targets were pre-
pared from chloroform solutions using dithranol as the matrix 
and potassium trifl uoroacetate as the dopant. The SEC measure-
ments of the poly(hexanediol isophthalate)s were measured on 
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a chromatograph of Polymer Laboratories,Varian, Inc. equipped 
with a RI detector “Shodex 101”. A combination of three columns 
was used: 1  ×  5  μ m Mixed C and 2  ×  ResiPore from Polymer Labo-
ratories, Varian, Inc., THF served as the eluent at 30  ° C and com-
mercial polystyrene standards were used for calibration. The 
SEC measurements of the poly(bisphenol-C isophthalate) were 
performed in chloroform at 30  ° C using a home-made appa-
ratus consisting of a Merck-Hitachi L-7100 pump, an ERC 7510 RI 
detector and a Merck L-5025 column thermostat. A combination 
of two PSS mixed-bed columns (B 10  μ ) was used together with a 
sample concentration of 5 mg L  − 1 . The Win GPC Unity software 
served for evaluation of the elution curves.    
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