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1. Introduction 

Interchange reactions* are a phenomenon that concerns numerous classes 
of polymers. Recently, these interactions have been subject to ext.ensive 
research due to the fact that they opcn the route to some new methods of 
polymer modification and even the preparation of novel polymer materials. 

Interchange reactions take place at elevated temperatures (most fre
quently in the melt) between functional groups belonging to molecules with 
different degrees of polymerisation or different chemical compositions. As 
a rule, they are'reversible equilibrium interactions, typical of polyconden
sates, and have been recognised since these polymers were first made. Most 
prominent examples are polyesters and polyamides, where interchange re
actions are best studied and understood. However, during recent decades, 
a number of publications have dealt with interchange reactions that involve 
urethane and urea groups, 8i-0 bonds, etc.; these also deserve special at
tention. 

*There is a great va.riety of different terms used in the literature when addressing l.he 
interchange reactions, e.g., tran~reactions, ,ransesterificaOon, ester"'ester interchange, 
etc. In this clw.pter, the general term "interchange reactions" is used consistently. It is 
classical English, widely accepted and highly versatile. 
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Low molecular weight High molecular weight Monomer systems 
(monomer) systems (polymer) systems but resulting in polymer 

resulting in monomer resulting in: products (equilibrium 
products (model systems) polycondensation) 

Molecular weight Molecular weight Molecular weight 
decrease retention increase (additional 

(degradatiou) (copolymer polycondensation) 
formation) 

Figure 1. Relationships between interchange reactions 

This chapter covers the characteristics of some significant types of in
terchange reactions, such as acidolysis, alcoholysis, aminolysis, esterolysis, 
taking place in low or high molecular weight systems and resulting 1n dif
ferent products - low molecular weight compounds, homo- or copolymers. 
The scheme in Figure 1 depicts the mutual connections and relations be
tween all the types of interchange reaction. However, this classification is 
qnite superficial: for instance, when discussing the interchange reactions in 
polymer systems, attention is focused on copolymer formation, although it 
is clear that, depending on the conditions of treatment and chemical com
position of the blend constituents, the process should be accompanied by 
either degradation or a.dditional polycondensation. These three processes 
are closely connected and should be considered as inevitable parts of the 
condensation equilibrinm. 

It is worth noting that there had been some indications that interchange 
reactions might be possible in some carbochain polymers (oi. e., with all
carbon backbones). These also result in polymer modification, but occur 
to a. much lesser degree. For this reason they are treated as secondary 
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reactions, taking place during the polyaddition [1,2], and are beyond the 
scope of this chapter. 

Very often it is of prime importance to discover the effect of the in
terchange reactions on the microstrncture of the respective system - for 
instance, to find out whether or not a copolymer is formed as a result 
of interchange reactions in monomer or polymer systems, or to determine 
the sequence length distribution, etc, High resolution nuclear magnetic res
onance (NMR) has proved to be the most useful method for the direct 
experimental determination of the polymer microstructure. Of the two nu
clei 1Hand nC, which possess spin and are common in synthetic polymers, 
IH initially served as the spin probe in NMR polymer studies. However, 
though 1H is more abundant than 13C, proton NMR spectra of synthetic 
polymers suffer from a narrow dispersion of chemical shifts and extensive 
1H-1H spin coupling. 13C NMR, as currently practiced, does not suffer 
from these difficulties, of which the latter has recently been turned to ad
vantage for 1H NMR by 2D techniques, The advent of proton-decoupled 
spectra recorded in Fourier-transform mode has quickly made 13C NMR 
spectroscopy the method of choice for determiuing polymer microstruc
tures. Other methods, such as 15N and 29Si NMR, are rapidly gaining 
importance as irreplaceahle tools for the characterisation of siloxanes and 
N-containing polycondensates. For all these reasons, the basic principles 
and importauce of modern NMR techniques in view of their application for 
interchange reaction characterisation are discussed iu this chapter. 

2.	 Nuclear magnetic resonance as an analytical 
tool eH, 13C, 15N and 295i NMR) 

2.1. Basics of the method 

NMR spectroscopy belongs among the radiospectroscopic methods, where 
the basic trausitions are those between spin (or magnetic) energy levels 
of the nuclei. In contrast to the optical transitions (e.g., vibrational, ro
tational, electronic), the nucleus can absorb radiofrequencies only if the 
molecules are placed in a strong, external magnetic field, This is because 
in the absence of magnetic field, the different spin states of the nuclei have 
the same energy, i. e., they are degenerate. 

2.1.1. Magnetic pmper·ties of the nucleus 

While the nuclei of all atoms possess charge and mass, not every nucleus 
has angular momentum and a magnetic moment. Nuclei with odd mass 
numbers have spin angular momentum quantum numbers 1, with values 
that are odd-iutegral multiples of 1/2. Nuclei with even mass numbers are 
spinless if their nuclear charge is even, and have integral spin 1 if their 
nuclear charge is odd, 
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The angular momentum of a nucleus with spin I is simply I(h/27T), 
where h is Planck's constant. If I f= 0, the nucleus will possess a magnetic 
moment, fJ, which is taken parallel to the angular-momeutum vector. A set 
of magnetic quantum numbers m, given by the series 

m = I, I -1, I - 2, .. , ,-I (1) 

describes the values of the magnetic moment vector which are permitted 
along any chosen axis. For nuclei of interest here (1 H, 13C, 15N, 19F, 29Si, 
31P), I = 1/2, and thus m = +1/2 and -1/2. In general, there are 21 + 1 
possible orientations of p., or magnetic states of the nucleus. The ratio of the 
magnetic moment and the angular momentum is called the magnetogyric 
ratio, 1': 

,= 27TfJ/hI (2) 

and is characteristic of a given nucleus. 
The nuclei commonly observed in NMR studies of polymers usually 

have spin I = 1/2, and are characterised by 2I + 1 = 2 magnetic states, 
m = +1/2 and --1/2. Doth nuclear magnetic states have the same energy in 
the absence of a magnetic field, but they correspond to states of different 
potential energy upon application of a uniform magnetic field H a· The 
magnetic moment fJ is either aligned along (m = +1/2) or against (m = 
-1/2) the field H a, with the latter state corresponding to a higher energy. 
Detection of the transitions of the magnetic nuclei between these spin states 
[m = +1/2 (parallel), m = -1/2 (antiparallel)] are made possible by the 
NMR phenomenon. 

Table 1. Magnetic characteristics of sOllle atomic nuclei [3] 

Nucleus Natural Atomic Magnet,o- Magnetic Quadropole Relative R.esona.nce 
abundance number gyric moment Ii- moment Q amplitnde frequency 

(%) I ratio I (magnF- (10- 24 cm2) of the (MHz) 
(rad.s.Oe) tons) signal 

1 IV 99.98 J/2 26753 2.79270 1.000 100 
2II1(D) 0.016 1 4107 0.857:18 0.00274 0.010 15.4 
11 B5 81.17 3/2 8583 2.6880 0.0355 0.165 32.2 
12ell 98.89 0 
l3eG 1.11 1/2 6728 0.7021G 0.016 25.1 
14N7 99.64 1 1934 0.40357 0.02 0.001 7.2 
15N 7 0.36 1/2 -2712 -0.28301 0.001 10.1 
11108 99.76 a 
17 0 8 0.037 5/2 -3628 --1.8930 -0.004 0.029 13.5 
19 Fa 100 1/2 25179 2.6278 0.R34 91.0 
28Si 14 92.28 0 
29 Si 14 4.67 1/2 -5319 -0.55477 0.078 19.9 
31 p15 100 1/2 10840 1.1305 0.066 40.5 
32S16 95.06 a 
33816 0.74 3/2 2054 0.64271 -0,OG4 0.002 7.67 
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),	 The magnetic characteristics of some atomic nuclei which are of interest 
ic	 in organic chemistry and more or less appropriate for experimental NMR 
3t	 studies, are given in Table 1. It is seen that the hydrogen nucleus (the 

proton) combines all the properties that are favourable for NMR analysis: 
a spin number of 1/2 (i.e., lack of quadrupole momentum), high natural 
abundance of the isotope and the largest magnetic moment. All these prop
erties, together with the presence of hydrogen in the majority of organic d 

I, 
.,I compounds, explain the exceptional role and significance of this nucleus in 

NMR spectroscopy. After the protons, the nuclei of fluorine and phosphorus1 
e	 should be mentioned as convenient objects for NMR studies. 

l' It is seen in Table 1 that the most widespread isotopes of elements thatc 
are significant in organic chemistry, such as 12C, L60, 28Si and 32S, cannot 
be studied by the NIvlR technique (I = 0). The 14N investigations are ..	 strongly hampered by the presence of a quadrupole momentum, For these 
reasons 13C, 15N and 29Si are most appropriate for NMR stuclies despite 
the fact that their natural abundance is low. 

~., 2.1.2. Resonance 

Let us discuss the interactions of maguetic fields applied to the magnetic 
moments of nuclei with spin 1= 1/2. Figure 2 is a schematic of the nuclear 
magnetic moment J1. in the presence of an applied magnetic field H 0, acting 
along the z-axis of the coordinate system. The angle ebetween the magnetic 
moment and the applied field does not change, because the torque 

L=J1.xHo	 (3) 

1<.', 

y 

---\----,,/'E---;---- x 
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I 

"j 
Figure 2, Nuclear magnetic moment in a magnetic field [4] 
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tending to tip J..L toward H 0 is exactly balanced by the spinning of the mag
netic moment, resulting in nuclear precession about the z-axis. Increasing 
H 0, in an attempt to force the alignment of J..L along the z-axis, results in 
faster precession only. A good analogy is provided by the precession of a 
spinning top in the Earth's gravit.ational field. 

The precessional or Larrnor frequency, vo, of the spinning nucleus is 
given by 

I
Vo = -Ho (4)

2n 

and is independent of B. However, the energy of the spin system does depend 
on the angle between p and Ho: 

E = -p. H o = -pHo cose (5) 

We may change the orientation B between p and H 0 by application of a 
weak rotating magnetic field H 1 orthogonal to H 0 (Figure 2). Now J..L will 
experience the combined effects of H 1 and H 0 if the angular frequency of 
H 1 coincides with vo, the precessional frequency of the spin. The nucleus 
absorbs energy from H 1 in this situation and B changes; otherwise H 1 and 
J..L would not remain in phase and no energy would be transferred between 
them. 

If the rotat.ional rate of H 1 is varied through the Larmor frequency of 
the nucleus, a resonance condition is achieved, accompanied by a transfer 
of energy from H 1 to the spinning nucleus and an oscillation of the angle 
B between H o and J..L. At Ho = 2.34 T (IT = 1 tesla= 10 kilogauss), 
the resonant frequencies of the 1H, 19p, 31 P, 13c, 29Si, and 15N nuclei are 
Vo = 100,94,40.5,25.1,19.9, and 10.1 MHz, respectively [4]. 

2.1.3. Interactions and relaxations of nuclear spins 

Figure 3 illustrates the magnetic energy levels for a spin -1/2 nucleus in a 
magnetic field H o. The energy distribution between nuclear spin states is 

(6) 

and the relative populations of the upper (-I-) and lower (-) states is given 
by the Boltzmann expression 

N+ = exp (_ D.E) = exp (_ 2p HO ) (7)
N_ kT kT 

The excess population of the lower energy state is 

2pHo (8)
kT 
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where the approximation e-x = 1 - x, for small x, has been adopted. 
Figure 3 shows the creation of two energy levels when a nucleus is placed 

in a strong external magnetic field. This effect is called Zeeman's splitting 
of energy levels. If one considers the well-known expression 

6.E = hv (9) 

where v is the frequency of the energy quantum absorbed or emitted by 
the nudeus, one obtains 

H
6.E = hv = -,Ho (10)

27f 
27fV = ,Ho (11) 

The last expression is a basic relationship in NMR, showing that for 
a nucleus of a given type, characterised by a magnetogyrie ratio " the 
resonant frequency v is proport.ional to the applied external magnetic field 
H o· 

At a field strength Ho = 2.34 T, the difference between magnetic energy 
levels for proton nuclei is 10-2 cal, which results in an excess popularv 

tion of rv 2 X 10-5 spins of lower energy. For an assemblage of nudei, this 
small spin population difference leads to a correspondingly small macro
scopic moment directed along H o. Removal of H 0 results in a loss of the 
macroscopic moment, because the magnetic energy levels are degenerate in 
t.he absence of the field [4J. 

At resonance, the nuclei pass to upper energy levels by energy absorp
tion or vice versa, to lower energy levels by energy emission. Since the 
absorptive transitions are prevailing, a tendency exists toward equalisation 
of the populations of the levels with time. When such a state (called sat
1lmtion) is achieved, the energy absorbed by the sample becomes equal to 
that emitted and the NMR signal disappears. However, under appropriate 
experimental conditions, the NMR obscrvations could be infinitely long. 
This is due to thc fact that emissionless processes (called rela.xation) are 

Ho =0 Ho > 0 E om 

/~--- + 
I 

+J.lHo -1/2 
I 

I 
I 

I 

E -~-~( 
\ 

\ 
\ 

\ 
\ 
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Figure 3. Energy levels for cl spin -1/2 I11JcJeus in c1 mctgnetic field Ho [5] 

..... 

7 
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taking place in the sample; as a result the energy absorbed by the nuclei 
decreases and the system is kept at a state of Boltzmann equilibrium. 

The question arises, what mechanisms are responsible for relaxing 
upper-level spins to the lower level after application of H 0, thereby main
taining parity between the spin and sample temperatures? Such a relax
ation is possible because each spin is not completely isolated from the rest 
of the molecules in the sample, called the lattice. The spins and the lat
tice may be considered to be separate coexisting systems which are weakly 
coupled through an inefficient yet very important link, by which thermal 
energy may be exchanged. The molecular motions of the neighbonring nu
clei, which constitute the lattice, provide the mechanism for transferring 
thermal energy between the spins and their surroundings. 

The relative moti.ons of neighbouring nuclei generate fluctuating mag
netic fields which are experienced by the observed nucleus as it precesses 
about the direction of the applied field Ho. A broad range of frequencies 
will be associated with the fluctuating fields produced by the lattice mo
tions, because these motions are almost random in respect to the observed 
nucleus. Components of the fluctuating magnetic fields, generated by the 
lattice motions, which lie along H o (Figure2) and have frequency i/o will, 
like Hi, induce transitions between the magnetic energy levels of the ob
served nuclei. The rates of this spin-lattice relaxation must therefore be 
directly connected to the rates of molecular motions in the lattice. 

The spin-lattice relaxation time, T 1, is the time required for the differ
ence between the excess and equilibrium spin populations to be relaxed by 
a factor of e. For liquids, 7\ is usually in the range of 10-2-102 s, while 
in solid samples T1 may be as long as hours. Spin-lattice relaxation re-

Ho 

Figure 4. A pair of precessing nuclear moment.s with static (a) and rot.at.ing (b) 
component [4] 
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suIts in a change in energy via a redistribution of magnetic moments with 
components along the applied field H o. As a result, T1 is often termed the 
longitudinal relaxation time: it is associated with a decay of the macro
scopic nuclear moment along the direction of the applied field H a (the 
z-direction; see Figure 2). 

There is a second mode by which nuclear magnetic moments may in
teract. This interaction is illustrated in Figure 4. Here a pair of nnclear 
moments are precessing about the H a-axis, and each is decomposed into a 
static component along H 0 (a) and a rotating component in the xy plane 
(b). If the rotating component precesses at the Larmor frequency /.10, a 
neighbouring nucleus may be induced to undergo a spin transition, result
ing in a spin exchange, No net change in the total energy is produced by the 
exchange of neighbouring nuclear spins, but the lifetimes of the interacting 
spins are clearly affected. This exchange of neighbouring nuclear spins is 
called spin-spin relaxation and is characterised by T2, the spin-spin relax
ation time. T2 is also called the transverse relaxation time, because it is 
related to the rate of change of magnetization in the :ry plane, which is 
transverse to the H 0 field direction. 

2.1.4. Chemica.l shift 

vVe have seen that by application of a rotating magnetic field H 1 trans
verse to the static field H 0, about whieh a spinning nuclear magnet is 
precessing, \ve can flip the nuclear spin by rotating HI at the precession or 
Lannor frequency /.10· If all nuclei of the same type, e.g., all protons were 
to resonate at the same field strength H 0, NMR would not bE: a spectro
scopic tool useful for the study of molecular structures. Fortunately, soon 
after the application of NMR to condensed phases it was observed that the 
characteristic resonant frequency of a nncleus depends on its chemical or 
structural environment. 

The cloud of electrons about each nucleus produces orbital currents 
when placed in a magnetic field H o. These currents produce small local 
magnetic fields which are proportional to H 0 but are opposite in direction, 
thereby effectively shielding the nuclens from H o. Consequently, a slightly 
higher value of H o is needed to achieve resonance. The actual local field, 
H loc , experienced by a nucleus, can be expressed as 

Hloc = H o(1 - 0-) (12) 

where 0- is the screening constant. It is highly sensitive to chemical structure 
but independent of H o. The resonant Larmor frequency becomes 

/.10 = j..lHloc = j..lHo(l - 0-) (13) 
hI hI 

and the difference between magnetic energy levels is now (see Eq. (6)) 

t:...E = 2j..lHloc = 2pBo(1 - 0-) (14) 

9 
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Nuclear screening decreases the spacing of nuclear magnetic energy levels. 
An increase in the magnetic shielding requires an increase in H o at constant 
Vo and a decrease in I/o at constant H o to achieve resonance. 

Nuclear shielding is influenced by the number and types of atoms and 
groups attached to or near the observed nucleus. The dependence of !7 on 
the molecular structure is of major significance to NMR as a tool in the 
study of molecular strnctures. 

There is no natural fundamental scale unit in NMR spectroscopy. Both 
the energies of transition between spin quantum levels and the nuclear 
shielding produced by the screening constant !7 are proportional to the ap
plied field H o. In addition, there is no natural zero of reference in NMR. 
These difficulties are overcome by (i) expressing the resonant frequencies of 
nuclei in parts per million (ppm) relative changes in H o and (ii) referring 
the observed changes or displacements in resonance, called chemical shifts, 
to the ppm relative change in the resonant frequency of an arbitrary refer
ence substance added to the sample. In IH and 13C NMR spectroscopy, it 
is customary to use tetramethylsilane (TMS) as the reference compound, 
where the chemical shifts 8 of both the l Hand 13 C nuclei are taken as 
6 = 0 ppm. 

It is beyond the scope of this chapter to discuss the factors affecting the 
chemical shift. For this reason, we could encourage the reader to consult the 
general NMR texts [5-8]. However, it is worth mentioning here the most 
important factors, namely: electronegativity of the substituents, magnetic 
anisotropy, electric field effect, hydrogen bond formation, repulsive electron 
effects. 

The chemical shifts of carbon-bonded protons are almost insensitive 
to temperature and sample concentrations. However, protons bonded to 
het.eroatoms (e.g., O-H, N-H and S-H) display strong dependence on the 
above factors. These effects arc caused rnoi3tly by the tendency of OR, SH 
and NH protons to form hydrogen bonds. In general, this leads to screening 
effects, i. e., to downfield shifts, although the reasons arc not always well 
understood. 

It is always strongly recommended to check the possibility of hydrogen 
bond formation between the sample and the solvent. For instance, dimethyl 
sulfoxide (DMSO) forms strong hydrogen bonds with OH and NH groups, 
resulting in significant changes in the chemical shifts. 

2.1.5. Spin-spin coupling 

It is well established that in numerous cases the NMR signals are split 
into several components. This is illustrated in Figure 5, where the proton 
spectrum of 1,1,1,2,3,3-hexachloropropane is depicted. It is seen that the 
signals of the two protons are split into doublets. This observed fact is due 
to the so-called spin-spin interaction. 

It is established that the magnetic moments of the nuclei interact both 
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-CHCb	 -CHCl

7	 6 5 0, ppm 

Figure 5. NMR spectrum of CChCHClCHCb in solution [3] 

;. 
directly (through the space) and indirectly - by the valence electrons. 1 The former effect is called direct spin-spin (or dipole) conpling and does

I not influence the NMR spectra taken in liquid or gaseous media since it 
is nullified due to the fast molecular motion. In the case of solids, the 

t direct spin-spin interaction leads to a quite significant broadening of the
1 resonance signals. 

1 From now on, we will discuss only the indirect (or scalar) conpl"ing. 
It is observed in the NMR spectra of liquids and gases, and is of prime.l importance in their interpretation. Two neighbonrillg nuclear spins will 
feel, in addition to H 0, the local magnetic field Hloc they are producing. 
Hloc is given by 

I" 

.1	 (15) 

where r is the distance between nuclei, and a is the angle between H ° 
and the line joining the nuclei (see Fignre4). The fact that Hloc may add 
to or subtract from H o, depending on whether the neighbouring magnetic 
dipole is aligned with or against H 0, is reflected by the ± sign. This type 
of spin-spin coupling is called dipolar coupling and serves to broaden the 

J.	 resonance line of a nuclens. 
There are two important situations where dipolar coupling does not 

contribute to line broadening. The first is when all neighbouring nuclei are1., rigidly oriented at the magic angle of a= 54.7°, where cos2 a= 1/3 and 
H10c = 0 (see Eq. (15)). If the relative orientations of neighbouring spins , 
vary rapidly with respect to the time a nucleus spends in a given spin state,

.l. 
i. e., with respect to the spin-spin relaxation time T2 , than H 10c is given by 
its space average, 

7r 

Hloc = p,r-::l .I(3 cos2 a-I) siu ada (16) 
o 

which also vanishes. Both these circumstances are important for observing 
high-resolution NMR spectra of polymers. 

Nuclear spins may also be coupled by orbital motions of their valence 
electrons or polarisation of their spins occurring indirectly through the 
intervening chemical bonds. Unlike dipolar coupling of nuclear spins, this 
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(a) 

trans 

H 

(b) 

gauche 

H 

H 

Figure 6. Vicinal 3 J IH_1 II scalar coupling in ct saturated hydrocarbon [4] 

indirect or scalar coupling is not affected by molecular tumbling and is 
also independent of He. Two spin -1/2 nuclei so coupled will each split 
the other's resonance into a doublet, because in a large collection of such 
nuclear pairs the probabilities of each finding the other's spin along (+ 1/2) 
or against (-1/2) He are almost equal. If one nucleus of the pair is further 
coupled to a second group of two identical nuclei with + +, + - (- +), and 
- - spin orientations, then the resonance of the first nucleus will appear 
as a 1:2: 1 triplet. The resonance of the identical pair will be a doublet. A 
single nucleus coupled to three equivalent neighbouring spins with + + +; 
+ + -, + - +, - + + (+ - -, - + -, - - +); and - - - orientations 
would exhibit a 1:3:3:1 qnartet resonance. A spin -1/2 nucleus with n 
equivalently coupled neighbours also of spin 1/2 will have its resonance 
split into n + 1 peaks. 

In the NMR spectra of polymers, only 1H-1H, 13C_1 H, 13C_19F, 15N_ 
IH, 19F_19F, 19F_IH, 29Si_1H, and 31p_1H scalar couplings are important. 
The magnitude and sign of the scalar coupling of two magnetic nuclei de
pend on substituents and geometry. The strength of the coupling in Hertz is 
designated x J, where the superscript x denotes the numher of intervening 
chemical bonds between the conpled nuclei. A particularly useful relation 
is based on the observed geometry-dependent vicinal 1H_l H coupling 3 J 
illustrated in Figure 6. Here it is observed that when the vicinal protons 
are trans (a) the scalar coupling is large (about 12 Hz), but it is markedly 
rednced to about 2 Hz in their ganche arrangement (b). 

2.1.6. Experimental observation of NMR 

In an NMR experiment, one investigates an assemblage of nuclei of a given 
type (e.g., protons) rather than the separate nucleus. In general, nuclei 
always take the level (or the state) of lower energy. In the case of nuclei 
with J = 1/2, this is the state with Tn = ±1/2 (see Figure3). However, 
the molecular thermal motion opposes this trend since its energy is several 
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NMR sample 
Liquid helium-+-+i*hf tube 
(4 Kelvin) Radio-frequency 

coil 

Supel"Conducting -!-+.';;;ii4-+ Tuned 
solenoid radio-frequency 

circuit 

Liquid nit.rogen 
(77 Kelvin) 

Signal to 

'------ II~;;;;;;;;;~NMR system's 
~ electronics 

Figure 7. Cross-section of a supcrconducting NMR magnet [6] 

times higher. As a result, an equilibrinm state is reached, characterised by 
the Boltzmann expression (Eq. (7)). The excess population of the lower 
energy state (Eq. (8)) is rather small. :For magnetic fields between 2.0 and 
2.5 T at room t.emperature, calculations according to Eq. (8) show that 
t.he population of spins at the lower energy level is higher by only 0.001 % 
than that. at the higher level. Nevertheless, it is precisely this minor differ
ence that makes absorption transitions more probable than the emission 
ones. As a result, the sample absorbs external energy at its Larmor fre
quency. The NMR experiment is to register this absorption with suitable 
instrumentation. 

Figure 7 is a drawing of a snperconducting magnet used in a modern 
high-field NMR spectrometer. The magnet is placed in a liquid helium bath 
to maintain its superconductivity. The radio-freqnency (rf) coil provides the 
energy appropriate to excite the nuclei in the sample to resonance. 

The degeneracy of the nuclear magnetic spin energy levels is removed 
by the static magnetic field Ho. Application of the rotating magnetic or 
electromagnetic field HI excites transitions between these energy levels. 
When the frequency of the HI field (rf, in MHz) is eqnal to the Larmor 
frequency of the observed nucleus, the resona.nce condition occurs, i. e., 

Ho
HI = Vo = ,'- (17)

2e 
Most samples will have multiple LannOl' frequencies, because most 

13 
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molecules have more than a single magnetically equivalent group (e.g., CH, 
CH2, CH3 ), leading to several resonance frequencies or chemical shifts. The 
method used to excite the nuclei and achieve resonance must clearly be ca
pable of covering all of the Larmor frequencies in the sample. 

Two principal methods have been developed to achieve the resonance 
condition in NMR spectroscopy - continuous wave (CW) and Fourier trans
form (FT). In the CW method each magnetically equivalent nucleus is suc
cessively made to resonate by sweeping either of the magnetic fields, the rf 
H 1 or the static H 0 field. As each nucleus is brought into resonance by the 
field-sweeping process, a voltage is induced iu the rf pick-up coil (see Fig
ure 7). After amplification, this signal is detected directly in the frequency 
domain and recorded in a plot of voltage (intensity) VB. frequency. 

In contrast, the FT method employs signal detection in the tilIle do
main, followed by a Fourier transformation into the frequency domain. Si
multaneous excitation of all the Larmor frequencies is provided by applying 
a pulse (short burst) of rf signal at or near Vo, resulting in an equalisation 
of the populations of the nuclear spin energy levels. Equilibrium spin pop
ulations are reestablished in a free induction decay (FID) process following 
the rf pulse. The vector diagram in FigureS can be used to visualise the 

(0) H{ 
XI~y, 

(c)	 Zl (d) z' 
H o Ho 

~." 

X'	 yl x' 
H) =0 y' 

z	 z(e)	 (f) H oHo 
M o 

X' 
y' x' 

HI =0 

Figure 8. Pulsed NMR. experiment. in the rot.at.ing frame. (a) Net. magnet.isation 
M o along HOi (b,c) rf field HI applied perpendicular t.o Ho for a duration 
sufficient to tip M 0 by 90 0 int.o the x' y' plane; (d,e) spins begin to relax in the 
Xl y' plane by spin-spin (T2 ) processes, and in the z'-direction by spin-lattice (Tj ) 

processes; (f) equilibrinm M 0 is reest.a.blished along H 0 [4] 
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efi'ect of the rf pulse (H d on the nuclear spins and their subsequent FID 
to equilibrium. 

At equilibrium in the presence of H 0, more spins will be aligned along 
H 0 than against it, and this is indicated by the net magnetic moment M 0, 

drawn along the field direction z' in Figure Sa (note that the primes indicate 
that the reference frame x'y'z' is rotating at the Larmor frequency), The 
net magnetisation has been tipped 90° into the x'y' plane (Figure8b,c) by 
application of an rf pulse HI with duration that is just sufficient to equalise 
the magnetic energy levels, i.e., M o = 0 along z', 

Following the rf pulse (Figure 8d,e), the spins begin to reestablish their 
initial state through T1 and T2 relaxation processes, Spin-spin interactions 
in the transverse (x'y') plane cause dephasing of the spins in this plane 
(T2 process), while spin-lattice interactions cause the spins to relax along 
the z'-direction (T1 process). Usually many signals must be accumulated 
before a spectrum with adequate signal-to-noise ratio can be obtained, 
particularly for nuclei with low natural abundance, snch as 13C, 15N and 
29Si, The pulse repetition rate 1S governed by the relaxation time T1 , 

Figure 9 gives a pulse sequence representation of the vector diagram 
in Figure 8, The detected signal, or FID, is obtained as a voltage in the 

,'. 

'. 
90° 
If 

Pulse Delay time 
'--.L---"+H--H-n......,.,/..J.o.=-'"""""-~----'\~T----

Time

(b) 

1 

,', 

Frequency 

Time-

Figure 9, Repetitive pulse sequence (a) a.nd Fourier transfol'mation of the time
domain FID into the frequency-domain NMR signal (b) [4] 
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Figure 10. Block diagram of a pulsed FT NMR spectwmeter [6] 

time domain. The pulse is sent out repeatedly to improve the signal-to
noise ratio, and the delay time between pulses must be long enough for 
T1 relaxation processes to complete. Fourier transformation of the time
domain signal resnlts in the usual frequency-domain spectrum. The FT 
method saves time by collecting data all at once, rather than from the slow 
CW sweep of the field, and is well suited to signal averaging by collecting 
many FIDs from weak signals before Fourier-transforming them. 

Finally, Figure 10 shows the block diagram of a modern pulsed NMR 
spectrometer. The sample is first positioned in the most homogeneous part 
of the magnetic field (see Figure 7). Then the computer activates the pulse 
programmer and precisely timed digital pulses are sent out. The rf pulses 
are generated by superimposing rf signals on these pulsed digital signals. 
The rf pulses are amplified and sent to the sample, where they produce 
FIDs. Upon amplification and detection by audio conversion, these signals 
are filtered and converted into a digital representation using an analogue
to-digital (A--D) converter. These digital signals are finally stored in the 
computer for further processing or plotting. 

2.2. High resolution NMR of polymers 

Though NMR spectroscopy is over 40 years old, it still remains in a state 
of rapid development. Magnetic field strengths of current superconducting 
NMR spectrometers are almost 40-fold stronger than those employed in the 
first permanent-magnet prototype spectrometers. Pulse programmable FT 
spectrometers allow the selective 0 bservation of nuclei based on their unique 
structural (chemical) and motional characteristics. Almost daily, new con
cepts (2D NMR, cross-polarisation, etc.) and new techniques (INEPT, 
DEPT, magic-angle sample spinning, etc.) are reported and applied to a 
variety of moleculCi,r systems, including both synthetic and biopolymers. 



'0 

'f' 

,.. 

..'" 

,--'. 

NMR Analysis of Interchange Reactions in Condensation Polymers 

Though the first report of polymer NMR spectra (a wide-line l H NMR 
study of natural rubber [9]) appeared the year after the discovery of the 
NMR phenomenon in bulk matter [10,11], it was only in the late 1950s that 
high-resolution NMR spectra were recorded for polymers. Even from poly
mer solutions, which are often very viscous, reasonably well resolved NMR 
spectra can be obtained, such as those reported for polystyrene [12,13]. 

The rapid local motions of polymer chain segments (nanosecond to pi
cosecond range) produce high-resolution NMR spectra of dissolved poly
mers. The volumes pervaded by dissolved macromolecules are much larger 
than their molecnlar volumes and produce highly viscous solutions through 
polymer-polymer entanglements and entrapment of surrounding solvent 
molecules. However, as already mentioned, both the frequency at which a 
magnetic nucleus resonates and the width of the resulting resonance peak 
depend on the local structure and its motional dynamics in the immediate 
vicinity of the observed nucleus. Thus, NMR serves as a local microscopic 
probe of molecular structure and its motions, and can even provide highly 
resolved spectra of dissolved polymers, regardless of the fact that their over
all motion may be sluggish since their local segmental motions are rapid. 

2.2.1. 1H NMR in the study of interchange reactions 

Historically, the proton eH) was the first nucleus observed in the 
magnetic resonance of polymers. The average sequence length in vinyl 
copolymers and the stereosequence in stereoregular polymers have been 
initially studied by high resolution NMR spectroscopy [14]. At that 
time, there had been very few reports on the determination of sequence 
length in condensation polymers [15]. The first noteworthy work on 
this subject was performed by Yamadera et oJ. [16]. In their paper, 
the 1H spectra of the following homo- and copolyesters were measured: 
poly(ethylene terephthalate) (PET), poly(ethylene isophthalate) (PEl), 
poly(ethylene orthophthalate) (PEO), poly(ethylene sebacate) (PES), 
poly(ethylene trans-hcxahydroterephthalate) (PEH), poly (resorcinol 
terephthalate) (PRT), poly(ethylene terephthalatejisophthalate) 
(PET-I, 50:50), poly(ethylene terephthalatejorthophthalate) (PET
0, 50:50), poly(ethylene terephthalatejsebacate) (PET-S, 50:50), 
poly(ethylene terephthalate/hexahydroterephthalate) (PET-H, 50:50), 
poly(ethylenejresorcinol terephthalate) (PE-RT, 50:50). These sam
ples were prepared from glycols and dimethyl esters of the acids by 
polycondensation in the melt under reduced pressure. 

The transesterification reaction was carried out between PET and PES, 
mixed in various proportions a.t intervals of 10% and stirred under a ni
trogen atmosphere at 276°C for 10, 30, 60, 120, and 180 min. The NMR 
spectra were measured in a triflnoroacetic acid solntion (0.05 g/ml) at 70°C 
with a Varian A-60 spectrometer. 

In the NMR spectra of copolyesters, such as PET-O, PET-S and PET

2. Del'lchev 
.eib~a'Z:LJ 
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4 6 8 10 
T (ppm) 

Fignre 11. NMR spectra of copolyesters (50:50): (a) PET-I; (b) PET-O; (c) PET
S; (d) PET-H, and (e) PE-RT [16] 

H, three peaks are observed in the region of 5.5-6.0 ppm (Figure 11). Two 
peaks (one at each side) are assigned to the ethylene groups placed be
tween the same acid groups, because they coincide with the ethylene pro
ton signals of the homopolyesters. A central peak, which is not observed in 
the spectra of the respective homopolycsters, is due to the ethylene glycol 
residue bonded to the different acid groups at both sides. The intensity of 
this peak represents the amount of the "heterolinkage". 

For instance, the ethylene glycol residue (-G-) in PET-S can be adjacent 
to terephthalate at both sides (T-G-T), to sebacate at both sides (S-G-S) 
or to terephthalate and sebaeate (T-G-S). The respective proton signals 
appear at 5.53, 5.93 and 5.73 ppm. No fine splitting is observed in the 
proton signal of the ethylene glycol residue in the heterolinkage because 
of the small difference in the chemical shifts between the two methylene 
protons. 

PET-S is taken as an example. Molar fractions of terephthalate (PT) 
and sebacate (Ps) are obtained from the intensities of the three kinds of 
signals in the NMR spectrum: 

PT = PT-G-s/2 + PT-G-T (18) 

Ps = PT-G-s/2 + PS-G-S (19) 

where Pr-G-T, Ps-G-s and PT-G-S represent the ratios of the integrated 
intensities of T-G-T, S-G-S, and T-G-S signals, respectively, to the total 
intensity of the ethylene glycol residues. 

If one could inspect the units along the PET-S copolymer chain from 
one end to the other, the probability of finding a T unit next to an S unit 
would be 

PST = PT-G-S/2Ps (20) 
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Similariy, an S unit exists next to a T unit with a probability of 

PTS = PT-G-s/2PT (21) 

The degree of randomness is defined by 

B = PST + PTS (22) 

When B = I, the T and S units take a random distribution and the prob
ability of finding a copolymer unit obeys Bernonlli statistics. If B < 1, 
these units tend to cluster in blocks of each unit, and finaIiy B = a in 
a homopolymer mixture, whereas if B > 1, the sequence iength becomes 
shorter, and B = 2 in an alternating polymer. 

The number-a.verage sequence length of a T unit (InT ) and an S unit 
(Ins) are given by 

I nT = 2PT / PT-G-S = 1/PTS (23) 

InS = 2PS/PT-G-S = 1/PST (24) 

Table 2 shows the result of transesterification between PET and PES. 
For all feed ratios examined, the value of B becomes almost 1 and the 
number-average sequence lengths Ins and I nT approach the theoretical 
values of a random copolymer after transesterification for 3 h. 

The above results illustrate the implementation of the I H NMR. tech
nique for sequential analysis of copolymers obtained in a molten binary 
homopolymer blend, where interchange reactions are possible. Obviously, 
as these progress, the polymer blend transforms into a block copolymer 
with the length of both PET and PES nnits decreasing to reach the values 
of a random copolymer, obeying the BernouIii statistics. 

In the studies of Devaux ct a.l. [17-19]' the more complex system com
prising poly(butylene terephthalate) (PBT) and bisphenol A polycarbonate 
(PC) was analysed. Employing again the 1H NMR. technique and bearing 
in mind the mathematical approach of Yamadera and Murano [16], the au
thors determine the sequence length of PBT and PC units in a copolymer 
obtained from the starting physical blend by means of exchange interaction 

Table 2. Changes in sequence distribution during transesterification between PET 
and PES at various feed ratios [16J 

PET/PES Time (min) Lns LnT B 

50/50 10 10.905 10.638 0.186 
30 3.289 3.236 0.613 
60 2.404 2.353 0.841 

120 2.222 2.165 0.912 
180 2.141 2.092 0.945 
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(i.e., transesterification). This method is discussed in detail in Chapter 3 
aud for this reason it will not be given here. It is worth mentioning the 
same trend toward copolymer randomisation after application of appropri
ate annealing conditions - Ta > 250°C and t a > 200 miu. 

Recently, a new IH NMR technique has been developed, allowing the as
signment of resonances of very complex molecules -- the so-called chemical 
shift correlated (or COSY) spectrum. The basic principle of this technique 
may be seen in Figure 12. 

If, instead of transforming (FT) the free induction decay (FID) imme
diately after the 90° rf pulse in the usual way (see Section 2.1.6), one allows 
a time interval for the nuclear spins to precess in the transverse plane and 
for the evolution of interactions between them, it is possible to obtain im
portant information concerning the nuclear spin system. One may divide 
such an experiment into three time domains, as indicated in Figure 12. 
The nuclear spins are allowed to equilibrate with their surroundings via. 
spin-lattice relaxation during the preparation period. Following the 90~ rf 
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Figure 12. Schematic representation of a two-dimensional (2D) correlat.ed 
(COSY) experiment and spectrum. The correlated influence of the J-coupling 
between nuclei of different chemical shifts is shown (4] 
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pulse, the x, Y, and z components of the nuclear spins evolve nnder all the 
forces acting on them, including their direct through-space dipole-dipole 
and through-bonds scalar (J) couplings. This time, tl, is termed the evo
lution period and provides: along with the acquisition or detpction time, 

I"" t2, common to all pulse experiments: the two-dimensional (2D) character 
of this experiment. Systematic incrementation of the evolution time tl (see 
Figure 12) provides the second time dependence. After each tl period, a sec
ond 90~ rf pulse is applied and the exchange of nuclear spin magnetisation 
may occur. The FID is acquired during t2 and transformed. 

The pulse sequence shown in Figure 12 is appropriate for the observationI 
of a COSY spectrum, where the correlating influence between nuclear spins i is their scalar J-coupling. The FID following each t 1 is different because the 

t interacting spins modulate each other's response. Each FID detected in t2 is 
transformed, producing a series of 1024 matrix rows, one for each tl-value. 
Each row may consist of 1024 points (squarp data matrix), representing the+ frequency-domain spectrum for a particular value oft l , while the columns 
provide iuformation about how the FIDs were modulated as a function of ! tl· 

t By looking down the columns of the data matrix, in an operation called 
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FigllIe 13. COSY spectra of the solnble fraction of a PET/PAr blend a.fter trans
esterifica.tion [20] 
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the "transpose" in Figure 12, 1024 new FIDs are constructed. (Note that at 
this stage the spectrum is represented, for the sake of simplicity, as a single 
resonance.) A second Fourier transformation is performed on the newly 
transposed FIDs, leading to a 2D data matrix which is actually a surface 
in three-dimensional space. The surface may be represented as either a 
stacked plot or a contour plot. The latter is usually preferred, since the 
stacked plot. does not clearly show complex relationships and is very time
consuming to record. 

Nuclei which do not. exchange magnetisation have the same frequencies, 
F 1 and F2 , respectively, during t 1 and t2 (i.e., F 1 = H) and yield the 
normal spectrum along the diagonals of the contour plot. Scalar-coupled 
nuclei exchange their magnetisation and have a final frequency differing 
from the initial one, i.e., F1 =1= F2 . These coupled nuclei give rise to the 
off-diagonal contours or cross peaks shown in Figure 12. 

If one considers the particular case of an equimolar PBT/polyarylate 
(PAr) system after intensive transesterification (240 min at 250°C), the 
COSY spectra of Figure 13 are obtained [20J. This figure makes evident 
the scalar coupling of the protons absorbing at 7.71 ppm and 8.56 ppm (a 
triplet and a doublet, respectively). As indicated by the authors [20], these 
peaks should be ascribed to the aromatic protons of an asymmetrically 
substituted isophthalyl unit 

COOAlk 

A'OOC--(o) 
Becanse of the extreme complexity of the PBT/PAr system, at this 

point there is no method developed for sequence analysis of these copoly
mers. 

2.2.2. l3C NMR in the study of interchange 'reactions 

The 13C nncleus occurs at a natural abundance of only 1.1% and has a 
small magnetic moment - about one-quarter that of the proton. Both fac
tors tend to mitigate against the observation of high-resolution 13C NMR 
spectra. However, the decrease in observational sensitivity of the 13C nu
clens can be compensated by employing the pulsed FT technique, combined 
with spectrum accumulation, as described in Section 2.1.6. The time saved 
by the pulsed FT recording of spectra makes possible the accumulation of 
a sufficient number of spectra to produce a suitable signal-to-noisc ratio. 
Further increase in 13C signal intensity is obtained by removing the nuclear 
spin coupling between 13C nuclei and their directly bonded protons, and 
from the accompanying nuclear Overhanser enhancement (NOE). Removal 
of I.he strong (125-250 Hz) 13C_1H nuclear coupling, by providing a second 
rf field at the proton resonance frequency, results in the collapse of DC Illul
tiplets and an improved signal-to-noise ratio. Saturation of nearby protons 
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produces a non-equilibrium polarisation of the 13C nuclei, which exceeds 
the thermal value aud yields an increase in the observed signal strength. 
It has been demonstrated [21] that the dipole-dipole coupling mechanism 
dominates for the l3C isotope and a maximum NOE factor o[ 3 is produced 
by a directly bonded proton. 

Having discussed several of the means utilised to overcome the inherent 
insensitivity of the 13C nucleus, let us now mention the principal advantage 
of l3C NMR spectroscopy of organic molecules, including polymers. It is the 
increased sensitivity of 13C shieldings to molecular structure, conformation 
and solvation (in the 200 ppm range for neutral organics, compared to 
10-12 ppm for IH shieldings), which has resulted in the replacement of 
IH NMR by 13C NMR as the method of choice in molecular structure 
investigations. 

It is important to mention here that in 13C spectra, the intensities o[ 
the signals do not always correlate well with the number of corresponding 
C atoms. This effect is explnined by the different relaxation rates of the 
C atoms, which depend very strongly on their surroundings. For instance, 
the C atoms which are not bonded to H-atoms usually give weaker signals 
than those of CH3, CH2 , and CH groups. However, by employing proper 
pulse sequences and times, this problem can be eliminated, so that reliable 
quantification of the 13C NMR signals is possible. 

Nevertheless, the 13C NMR spectra are much simpler than the proton 
ones. Generally, their interpretation is based on the chemical shifts of the 
signals. Peak intensity or multiplicity is rarely used. As in the proton spec
tra, the chemical shifts are usually referenced to an internal TMS standard. 

Let us now consider a particular example of how 13C NMR can be used 
[or the characterisation of the microstructure of condensation homo- and 
copolymers [22]. In Figure 14, the CO signals of different Nylon 6-Nylon 
6,6 copolyamides are compared. The copolyamides are prepared in two 
basic ways: (A) from the corresponding neat polyamides via transamida
tion (i.e., by interchange reaction) or (B-D) from monomers. Obviously, 
the appearance of four types of CO groups is an indication of copolymer 
formation, this process being strongly dependent on the starting system 
(homopolymer or monomer mixture) and in the second case on the AH 
salt/E-caprolactam monomer ratio. 

In the case of an equimolar ratio of the monomer units, four amide 
groups should bc expected, namely: (a) characteristic of neat Nylon 6; (d) 
characteristic of neat Nylon 6,6; (b) and (c) structures obtained by the 
interchange reactions. The first two amide groups should be attributed to 
the correspouding homopolyamides, while the last two belong to transi
tional Nylon 6-Nylon 6,6 structures that do not exist in the starting neat 
polymers or monomers. 

Let. us define the signal intensities of the homolinkages A-A and B
B, and of the corresponding transitional structures A-B and B-A in the 
following way: fA = signal intensity of the A-A bond; fA' = signal intensity 

23 
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a b c dA B 

a d 
b c 

a� 
··-NH-(CHz),-CO-NH-(CHz)s-CO-··� 

b d 
..-NH-(Clb),-CO-NH-(CHzh-NH-·· 
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··-CO-(CHZ )4-CO-NH-(CHz),-CO-.. 
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30 Hz 8 (ppm) 180.25 179.22 

Figure 14. CO signals in the 13C NMR spectra of various Nylon 6-Nylon 6,6 
copolyamides menE;ured in sulfuric acid (98%): A - prepa.red by transamidation 
from a Nylon 6/Nylon 6,6 blend for 211 at 280-290°C; B - by copolymerisation 
of AH salt and c:-caprolactam (L1) for 8 h at 260°C; C - by copolymerisatiOll 
of AH salt and c:-ca.pl'Olactam (1:6); D - hy copolymerisation of AH salt arid 
c-caprolactarn (3:2) [22) 



NlvIR Analysis of Interchange Reactions in Condensation Polymers 

of the A-B bond; In = signal intensity of the B-B bond; IB' sign".! 
intensity of the B-A bond, and k - monomer ratio A/B in the copolymer. 
The average length of both Nylon 6 and Nylon 6,6 blocks in the resulting 
copolymers is given by 

(25) 

Since in a binary system the number of A-B and B-A units should be t.he 
same, 

(26) 

it follows that 

(27) 

On reaching the thermodynamic equilibrium, one may use Eqs. (28)-(30) 
instead of Eg. (27): 

iA = kiA,; IA' = IA/k; IA/I.A.! = k (28) 

IB = 18'/k; 18' = kIB; I8'/IB = k (29) 

fA = kIN = k2 IA' = k2 (30)
In Iw/k IB' 

The validity of the above equations is clearly demonstrated by the peak 
intensity ratios in Figure I4B-D, where k is known for all polymer samples. 
For instance, when k = 1:6 (C), this gives for IA/IB a value of 1:36, which 
is close to the experimentally established one. 

Also very interesting are the results for LA and Lll in Figure 14A: the 
Nylon 6-Nylon 6,6 copolymer prepared via interchange reactions from neat 
polyamides by annealing for 2 11 at 280-290°C produces four CO peaks. 
Although they are not complet.ely resolved, a rough estimate of the block 
lengths according to Eq. (25) gives an average length of about four Nylon 
6 and tour Nylon 6,6 units. In the copolymer produced from an equimo
lar monomer blend snbjected to polycondensation for 8 h at 260°C (Fig
ure 14B), the average length of each block type is of about 2.0. Similar 
results are obtained in a polyester blend comprising poly(hexamethylene 
terephthalate) and poly(ethylene adipate). Again, LA = LB ~ 4 for copoly
mers obtained ~}ia interchange reactions in a binary blend of the neat 
polyesters, and LA = Ln ~ 2 for the copolymer produced from the corre
sponding diacids and diols. More recently, Backson et at. [23] got the same 
results tor the PET/PBT system. A possible explanation for not reach
ing a completely random copolymer in a binary homopolymer system by 
interchange reactions is given in Chapter 8. 

Let us now consider an example of 13C NMR sequence analysis in 
ternary aliphatic copolyamides [24]. Copolymerisation of three suitable 
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monomers should lead to ternary copolyamides containing nine different 
amide groups, if each monomer has reacted with itself and with both other 
monomers. A product resulting from co-condensation of AH salt ancl two 
lactams is considered. 

A mixture of 50 mmol portions of E-caprolactam, of AH salt and of 12
dodecanelactarn was first heated for 30 min at 200°C under a slow stream 
of nitrogen and then for 8 h at 260°C. A similar experiment was car
ried out with 100 Illmol E-caprolactam, 50 rnmol AH salt and 50 mmol 
12-dodecanelactam. It was found that the copolyamide contains nine dif
ferent amide groups which can be identified by their CO signals in the 
90.5 MHz l3C NMR spectra. From the intensities of the CO signals, the 
ratio of monomer units in the copolymers, and hence the reactivity of the 
monomers, can be estimated. Furthermore, the average length of the ho
mogeneous blocks can be calculated. 

As already mentioned, a ma,\:imum of nine CO signals is expected in 
the product of the above co-condensation (Nylon 6-6,6-12), and this is 
precisely the case visualised by the spectra shown in Figure 15. 

If the signals of all the different amide groups of a copolyamide are re
solved, as in the case studied, two kinds of information can be obtained from 
a quantitative evaluation of the 13C NMR spectra: (i) the ratio of monomer 
units in the isolated copolymer allows one to estimate the relative reactiv
ities of the monomers under the polymerisation conditions chosen and (ii) 
the signal intensities of the homogeneous amide bonds (A-A, B-B, C-C) 
compared to the heterogeneous ones allow the calculation of the average 
length of the homogeneous blocks. Thus, one can determine whether a block 
copolymer, an alternating sequence, or a random copolymer is formed. The 
following definitions are used in the discussion: A, B, C denote the three 
different monomer units; hA' hs, hc = intensities of the A-A, A-13 and 
A-C bonds, respectively (signals x, x', xl! in Figure 15); InD, hA' hc = 
intensities of the B-B, B-A and 13-C bonds, respectively (signals y, y', ytl); 
Icc, ICA' IUB = intensities of the C-C, C-A and G--B bonds, respectively 
(signals z, z', ztl iu the same fignre). The ratios of monomer units in the 
copolymer are described as k-values according to the following equations: 

kAB = AlB = l/kBA (31) 

kAC = AIC = l/kcA (32) 

kBu = B/C = l/kcR (33) 

The ratio of monomer units in a copolymer is given by the coucentration 
of monomers in the reaction mixture if polymerisation is quantitative. If 
not, the ratio also depends on the reactivity of the monomers and mnst be 
calculated from signal iuteusities or by means of other methods. 

For such a calculation, one may use all the signals that fulfill two con
ditions. The sigual must stem from structurally identical groups in the 
various monomer units, as is the case CO-a-CH 2 and w-CH 2 groups in 
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Figure 15, CO signals in the 13 C NMR spectra (90,5 MHz, FS03 H) of a Nylon 6-6,6-12 copolymer prepared from a
 
mixture of €-caprolactam, AH salt and 12-dodecanelactam, and (B) a 1:1:1 mixture of the same monomers [24]
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a 
-NH-( CH2 )4 -CH2 -CO-NH

a b
b 

-CO-(CH2)a-CH2-CO-NH

c 
-NH-(CH2 )lo-CH2 -CO-NH

c 

J (ppm)45 43 41 39 37 35 33 31 

Figure 16. a-CH2 and W-CH2 signals in the 13C NMR spectrum (90.5 MHz, 
FS03H) of a Nylon 6-6,6-12 copolymer prepared from a 1:1:1 mixt.me of c;

caprolactam, AH salt (~nd 12-dodecanelactam (see Figure 15B) [24] 

most aliphatic polyamides. Thus the signal intensities are not influenced 
by different nuclear Overhauser effects or different segmental motions. The 
second condition is that the signals of different monomer units must be 
resolved to sLlch an extent that unambiguous assignment and quantitative 
evaluation is possible. In the case of Nylon 6-6,6-12, considered here, both 
CO and a-CHz siguals obey these requirements. If clearly separated, as 
shown in Figure 16, the a-CHz signals are advantageous for a quantita
tive evaluation for two reasons: the absence of splitting provides a better 
signal-to-noise ratio, and in the case of the CO signals, the intensities of 
more peaks are to be measured according to Eqs. (34)--(36): 

kAB = (fAA + hB + fAd/(fsB + fBA + Inc) (34) 

kAc = (fAA + hB + fAd/(!ee + fCA + fCB) (35) 

ksc = (fBB + f BA + fBc)/(Icc + fCA + fCB) (36) 

Since all the interesting signals are not always well resolved, it is im
portant to keep in mind that in all kinds of copolymers, corresponding 
heterogeneous bonds should be present in equal concentrations. Hence for 
ternary copolyarnides, the following equations must be fulfilled: 

fAB = fBA (37) 

fAC = fCA (38) 
fBC = fCB (39) 

From Figures 15B and 16, the following values were estimated: kAB = 0.9; 
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kAC = 4.5; kBe = 5.0; A:B:C = 10:9:2, indicating that the reactivity of the 
monomers decreases in the order: 

AH salt> c-caprolactam » 12-dodecanela.ctam 

For the calculation of the average length of the homogeneous blocks in 
random copolyamides, only the CO signals are useful. The average block 
length of each monomer nnit is given as follows: 

LA = [hA/(h13 + he)] + 1 (40) 

LB = [ISS/(ISA + Isc)] + 1 (41) 

Le = [Ice/(IcA + ICB)) + 1 (42) 

Thns the block length of Nylon 6 in Nylon 6-6,6-12, prepared from a 1:1:1 
monomer mixture (Figure 15B) is 1.75, while it is 2.75 in the analogous 
copolyamide prepared from a 2:1:1 monomer mixtnre (Figure 15A). On the 
other hand, the average block length of Nylon 12 is in the range of 1.1-1.2 
in these copolyamides. Since the block length of Nylon 6,6 is also below 
3, the conclusion can be drawn that these ternary copolymers possess a 
structure that is more random than blocky in character. 

Another point of interest is to determine whether the sequence of a 
copolyamide is the result of a thermodynamically controlled equilibrium 
cansed by transamidation reactions or it originates from a kinetically con
trolled polymerisation. In the former case, the intensity ratios of the CO 
signals obey Eqs. (43)-(45), since the concentrations of all the kinds of 
amide groups depend exclusively on the ratios of the respective monomer 
units under these conditions: 

(43) 

(44) 

(45) 

In order to test whether or not the sequence is thermodynamically con
trolled, the signal intensities of the homogeneous and heterogeneons bonds 
must be compared. If the CO signals of the homogeneous bonds are less 
intense than given by Eqs. (43)-(45), the formation of an alternating se
quence is favoured. If the signals of the homogeneous bonds are more in
tense, a tendency to block formation exists. This investigation reveals that 
the copolyamides of Fignre 15 possess a thermodynamically controlled pri
mary structure, as expected for condensation at 250°C. 

A problem, which cannot be solved immediately by NMR spectroscopy, 
is the block length distribution within one chain and between different 
chains of one sample. However, if the copolyamide sequence is thermo
dynamically controlled, it is expected that the hlock length distribution 
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is likewise thermodynamically controlled, by analogy with the molecular 
weight distribution. In other words, the average block length is also the 
most probable block length in every part of the chain and in all chains of 
one sample. 

Finally, it should be pointed out that the quantitative evaluation of DC 
NMR spectra has a limited accuracy for several reasons. If the copolymer 
chain is built up of monomer units that are very different in structure, 
their segment<:tl mobilities (and hence T1 values) may be different. fn this 
case, appropriate pulse width and repetition time should be selected to 
provide accurate intensity ratios. Furthermore, possible differences in the 
NOE mnst be taken into account. Limiting factors are, of course, the signal
to-noise ratio and the resolution of signals. In most cases, only an FT NMR 
spectrometer working at a high field strength can provide 13e NMR spectra 
of good quality. 

2.2.3. Other nuclei - 15 Nand 29 Si 

Because 15N and 29Si nuclei can be found in several important classes of 
polymers, here their NMR characteristics are briefly ontlined in relation 
to the more commonly observed 1Hand 13e nuclei. ISN and 29Si are spin 
-1/2 nuclei, and occur in 0.37 and 4.7% natural abundance, respectively. 
They each exhibit a range of chemical shifts at least as bro<:td as observed 
for 13e nuclei. 

Thongh more abundant than 13C (4.7 VS. 1.1%), the 29Si nucleus has 
even smaller nuclear dipole and magnetogyric ratio than 13e, so 29Si res
onances about twice as sensitive as l3e resonances should be expected. 
However, since the magnetic moment and spin of the 29Si nucleus are an
tiparallel, I is negative. When broad-band proton decoupling is used to re
move 29Si_1H scalar coupling, instead of a signal enhancement, as observed 
in 13C NMR, the 29Si signal may be reduced in intensity. In addition, the 
spin-lattice relaxation times for 29Si nuclei in the dissolved state are typ
ically rather long, much like those of DC uuclei. Nevertheless, pulsed FT 
NMR techniques have made the 29Si nucleus a valuable probe of silicon 
polymer microstructure. 

There are two special features in measuring silicon NMR. The first con
cerns the fact that silicon-containing materials constitute a major part of 
the construction materials of the probe head, resulting in a broad back
ground signal at about -110 ppm. There are three ways to alleviate the 
problem: (i) if the signals are narrow, the smallest sweep possible shonld be 
llsed; (ii) if there are couplings to protons, population transfer pulse pro
grams can be used; and (iii) if the lines are broad, subtract from a blank 
spectrum obtaiued under otherwise identical conditions. 

The other peculiarity concerns spectra of organosilicou compounds ob
tained with broad band clecoupling of the protons. The NOE can then lead 
to null signals, if the e9Si, I H) dipole-dipole contribution to the other 
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longitudinal rela.'mtioll paths of the silicon is close to 2.52. Because re
laxation times depend on the correlation time of the molecule, the signal 
intensity of a 29Si spectrum with an NOE varies with tempera.ture. Again, 
there are three ways to remove this problem: (i) Doping the sample with 
a shiftless relaxation reagent, e.g., chromium acetylacetonate (Cr(acach) 
(ca. 10-2 mol.l- 1), which also gives shorter rela.'{ation times as a side bene
fit. There are several disadvantages of this approach. The silicon compound 
can interact strongly with the chromium complex, the purity of the sam
ple is impaired and population transfer experiments are not effective any 
more. (ii) Inverse gated decoupling. Here proton decoupliug is only active 
during acquisition with long waiting times (3 to 5 times the relaxation time 
Td between scans. The advantage of not polluting the sample is offset by 
an ineffective use of spectrometer time, which can be somewhat alleviated 
by using shorter pulses (40°) and shorter recovery times (20 s). (iii) Using 
population transfer pulse programs [25]. 

Nitrogen has two useful nuclei for NMR spectroscopy, 14N and 15N, each 
with advantages and drawbacks; the latter restricted the use of nitrogen 
NMR in the early decades of NMR spectroscopy, but FT spectroscopy, 
higher field magnets, larger samples, clever pulse techniques, and multi
dimcnsional spectroscopy have greatly expanded the usc of nitrogen NMR 
[26]. 

Doth nuclei have rather low rnagnetogyric ratios r, so their sensitiv
ity to NMR detection is rather low, relaxation processes arc rather slow, 
coupling constants l(N,X) are small and l(N,N) values very small. The 
spin -1/2 nucleus 15N is often used in high resolution work but its natural 
abundance is low, 0.36%. Another disadvantage is that,' C5 N) is negative, 
so NOE factors are negative. 15N signals become more negative with proton 
decoupling. The maximal proton-induced NOE factor for 15N is -4.93. A 
disadvantageous NOE can be improved by the use of paramagnetic addi
tives, such as Cr(acach· 

In numerous studies enrichment of 15N is required, which may not be 
expensive if nitric acid, ammonium salts, or nitrites can be used as start
ing materials. With enrichment to 99%, the NMR. receptivity is six times 
that of 13C in natural abundance. Sensitivity enhancement by polarisation 
transfer, by INEPT, or related methods is helpful, particularly if there are 
protons directly attached to the 15N. The gain, compared to 13C, is now 
greater, since r (l5N) is smaller than r C3 C). 

The highly abnndant 14N nucleus (99.64%) has almost six times the 
receptivity of 13C in natural abundance (1 %). However, 14N is quadrupo
lar (I = 1), so that 14N NMR. spectroscopy commonly suffers from line 
broadening and loss of spin-spin coupling due to relaxation being too fast. 
The HN quadrupole moment is relatively small, however, and if the local 
symmetry is high or the sample viscosity is low, 14N studies can be per
formed in high resolution. This possibility is often overlooked nowadays, 
although the phenomenon of the chemical shift was discovered long ago 
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in 14N resonance in an aqueous solution of ammonium nitrate, giving two 
sharp lines. Quantitative work on 14N or ISN resonance is difficult because 
of the multiplicity of factors affecting the sigmtl intensities, and on l4.N 
spectroscopy because of the line width. 

Nitrogen NMR spectroscopy affords a variety of information, with the 
choice of a spin 1/2 or a quadrupolar nucleus, and an U!lllSua.l variety of 
both types, giving a range of 1350 ppm in chemical shift. Nitrogen forms 
bonds with all the elements except for the completely inert ones. Nitrogen 
can be found in nine stable oxidation states with bond orders up to three 
and coordination numbers up to six, the highest being in metal clusters. 
Furthermore, the shifts, coupling constants, and 14N line widths can be 
interpreted in terms of bond type, because of the characteristic influences 
of loue pair and 7r electrons associated with the observed nucleus, these 
electrons being of great importance to chemical structure and reactivity. 

3. Interchange reactions involving different functional groups 

As seen in the previous section, exchange reactions in both monomer and 
polymer systems have a significant effect 011 the structure of t.he materials 
obtained, and therefore on their properties. In this section, we consider the 
most important interchange reactions, as shown schematically in Figure 
1, namely: alcoholysis, acidolysis, esterolysis, aminolysis, and some special 
types of exchange interactions, all taking place in low and high molecular 
weight systems. The pattern that will be followed for each interaction type 
is given below: 

Definition, peculiarities in monomer (model) systems (where applica.
ble) ; 
Possible application for polymer synthesis; 
Occurrence in polymer systems and accompanying effects on their 
microstructure; 
Recent developments involving the corresponding exchange interaction. 

3.1. Reactions taking place in polyesters involving ester groups 

By analogy with classical organic chemistry, most interchange reactions 
taking place or resulting in polyesters might be generalised as su bslitu
tions at carbonyl carbon atoms throngh an addition-elimination process as 
illustrated in Scheme 1 [27], where X = OR, OR!', OCOR'" and CI, Y can 
be a. nentral or negatively cl13,rged nucleophilic agent (R'OH and R'O or 
R'COz, respectively), and R, R', R", and Rill are alkyl or aryl groups. 
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0 0[ r] [ ?'-] k' 
~ 2,.R-C~ + Y or R-C~ 
~ R-~-X R-~-X +X"X ~ "yII +y6 Y 6

la Ib 
Scheme 1 

The addition intermediates la and 1b, for neutral and negatively 
charged nucleophilic agents, respectively, cannot be isolated or detected 
in any direct manner, and are therefore postulated on the basis of iso
topic oxygen-exchange reactions and by extrapolating evidence of stable 
addition compounds observed for anhydrides, amides, etc. Experimental 
evidence also suggests that formation of the addition intermediate proba
bly occurs through a perpendicular approach to the carbonyl carbon atom 
by the attacking nucleophile. 

The overall reaction is stepwise in nature and the relative rates of for
mation and partition of the addition intermediate determine the overall 
rate and the equilibrinm between reactants and products. In general, the 
formation of the addition intermediate 1 has been found to be the slow 
step, and a catalyst is often used to increase the rate of this stage. The 
chemical structures of R, R!, R", Rill, X, and y may influence both the 
rate of formation of 1 and its partition and, conseqnently, the overall rate 
and equilibrium. 

According to the mechanism proposed, an increase in the electron
withdrawing power of R will result in easier formation of 1. However, the 
resonance interaction of R with the carbonyl group tends to stabilise the 
ground state with respect to the transition state, which must be similar to 
tbe tetrahedral intermediate, and hence reduces the rate of formation of 1. 
Bulky groups on R can hinder the nucleophilic attack and therefore rednce 
the rate of the first step. 

Structural changes in X are related to both inductive and resonance 
effects and are more difficult to interpret. The electron-withdrawing power 
of X increases both the rate of formation of 1 and its partition toward 
products. Increased resonance of X with the carbonyl group increases the 
stability of the ground state and results in <:\, lower rate; resonance interac
tion increases in the order Cl < 02CR' < OR' < NR~. The effectiveness of 
the nucleophile Y is, of course, related to the reactivity of the carboxylic 
acid derivatives; the more reactive the latter, the wider the range of nu
cleophiles which can be used effectively. The overall rate of the reaction 
depends on the rate of formation of 1 and on its partition between reac
tants and products; when X and the attacking Ilucleophile Yare equally 
good leaving groups, the increase in nucleophilicity parallels the increase 
in the overall rate. 
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The most widely used reactions for the preparation of polyesters are 
direct esterification (X = OH, Y = R'OH) and alcoholysis (X = OR", Y = 
R'OH), usually performed at high temperature in the melt, and reactiono; 
of acyl chlorides (X = CI) with hydroxy compounds (R'OH) or phenolates 
(R'O-), generally carried out at low/medium temperature in solution or 
by interfi.l.cial synthesis. Exchange reactions, such as a,cidolysis (X=OH, 
Y = R'C02 R"J) and ester-ester exchange (X = OR", Y = R'C02 RII/) can 
also take place at high temperature in the presence of suitable catalysts [27J. 

3.1.1. Alcoholysis 

The intercbange react-ion between ester and hydroxyl groups is usually 
called alcoholysis. This is a reaction of great commercial importance, since 
most of the industrial processes of polyester manufacture make use exclu
sively or in large part of alcoholysis, which is represented in Scheme 2 for 
(-A-B-) and (-D-) type monomers, respectively. 

nR02C-B-C02 -R+nHO-A-OH==; (-OC-B-CO-O-A-O-)/t +2nROH 

nHO-D-C02R ==; (-O-D-CO-)"OR + (n - l)ROH 

Scheme 2 

Ester derivativeo; have lower melting points, higher solubility in diols 
and can usually be obtained at a higher purity grade than the correspond
ing acids. Therefore, they often lead to better-quality products with easier 
process control. However, higher costs, resulting from more expensive raw 
materials, higher energy consumption and more expensive plants, some
times make direct esterification more convenient, as in the case of PET 
[28), 

According to the geueral Scheme 1 for additiou-elimiuation reactions, 
alcoholysis is assumed to occur through nucleophilic attack of a hydroxy 
compound on a carbonyl carbon atom. The reaction rate is therefore de
termined by both k1 , tbe rate of uucleophilic attack, and kt,l / k~, the parti
tioning of the addition intermediate, and the equilibrium constant is given 
by K = k1 kU ki,l k:. 1 · In this way, reaction rat.es and equilibrium constants 
depend on the chemical structure of A and R. It is found that aliphatic 
diols can react with bot.h alkyl and aryl esters, while phenolic compounds, 
which are poorer nucleophiles and better leaving groups than aliphatic hy
droxy compounds, require R = aryl to yield polyesters. As found for direct 
esterification, compounds with tertiary hydroxyl groups are generally not 
suitable for polyesterilication via alcoholysis. 

When RO is a better leaving group than AO and HO-A-OH is more 
nucleophilic than ROH, the equlibria in Scheme 2 are shifted toward the 
products and it could be assumed that polyester should be obtained un
der mild conditions and without removal of by-products, analogously to 
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the situation with polyamides [29]. Ogata et al. [30] attempted to prepare 
polyesters starting from "active diesters", i. e., from dies tel'S where R is a 
good leaving group. They actually observed an increase in the equilibrium 
constants from values lower than unity, usually observed for both A and 

..	 R aliphatic radicals [31], to values of 6-17 for phenoxy, thiophellyl, and 
3-oxypyridyl leaving groups. However, the reactions of "active" adipates, 
terephtha.lates and isophthalates with ethylene glycol and butane diol occur 
only in the presence of suitable catalysts and, when performed ill a dosed 
system, yield only low molecular weight polyesters. The authors concluded 
that application of vacuum to remove ROB is also required in order to 
achieve high molecular weights. 

In contrast to direct esterification, alcoholysis proceeds very slowly in 
the absence of catalysts [32,33], even at high temperature. Strong protic 
acids, such as p-toluenesnlphonic acid, sulfuric acid, etc., catalyse alco
holysis, but they are not as effective as they are in direct esterification 
[33]. Furthermore, since they catalyse side reactions as well, the resulting 
polyesters are generally of poorer C]uality and are more prone to hydrolysis, 
comparecl to those prepared iu the presence of metal derivatives, which arc 
therefore the preferred catalysts. Due to the economic relevance of alcoholy
sis, an enormous number of patents have been published claiming; however, 
catalysts of uncertain value or novelty. Acetates of lead(II), lead(I), zinc, 
manganese, calcium, cobalt, and cadmium, and oxides such as Sb2OJ and 
Ge02, for the first and second stages of reaction, respectively, and titanium 
alkoxides for both stages, have been found to be the most effect.ive catalysts 
[34]. Their overall activity is probably the result of various factors; solu
bility in the reaction medium [32,35], exchange-reaction capability of the 
original ligands with reactants, and effects on concomitant reactions are 
probably the most relevant. All these factors can obviously be affected by 
reaction conditions, such as type and concentration of functional groups, 
and temperature. The effects of catalysts on the exchange interactions in 
polyesters are considered in detail in Chapter 2. 

The role of alcoholysis is importaut in the preparation of polyesters 
(both neat and copolymers) by ring-opening polymerisation of cyclic esters 
[27J. Equilibria occurring in riug-opening polymerisation proceeding via 
alcoholysis are shown in Scheme 3. Active hydrogen donors, such as water, 
alcohob, amines, and similar substances, can be conveniently used to start 
hydrolytic polymerisation; a proper choice of initiator may provide a useful 
method of controlling the nature of the end-groups. Alcohols, amines, and 
similar monofUllctional initiators lead to macromolecules with a functional 
hydroxyl group at one end only; water, aliphatic diols, and other similar 
difunctional initiators give macromolecules with functional groups, and the 
chains grow at both ends. In principle, the molecular weight of the resulting 
polyesters may be controlled by the ratio of lactone concentration to that 
of initiator [36]. 
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XH + O=C- A T=!- XCO-A-OH 
I~ 
o 

XCO-A-OH+ nO=9~ A T=!- XCO(AC02 )nAOH 

o 

Scheme 3 

It has been reported that non-catalysed polyrnerisation initiated with 
hydrogen donors occurs at a relatively slow rate and gives only low molec
ular weight polyesters. The polymerisation is probably started by nucle
ophilic attack of the initiator on the carbonyl group of the monomer and 
proceeds by subsequent nucleophilic attack of the resulting hydroxyl end
groups. 

Metal ion salts or titanium and tin alkoxides are effective catalysts for 
this reaction and lead to an increase in both reaction rate and molecu
lar weight. These catalysts, however, usually lead to broader molecular 
weight distributions because redistribution by interchange reactions occurs 
simultaneously with the stepwise chain growth [27]. vVhen water is used 
as initiator, direct esterification may occur during polymerisation at high 
temperature and contribute to molecular weight broadening and, provided 
that volatile products are removed, to molecular weight increase, along 
with nucleophilic propagation. When acids or bases are used a.s catalysts, 
an ionic mechanism may become the predominant one [36]. 

In general, polymerisation of lactones and cyclic esters depends to a 
considerable degree on their chemical structure and, in particular, on their 
ring size and on the type and position of the substituents. High ring strain, 
originating from both angle distortion (three- and four-membered rings) 
and hydrogen-atom crowding \vithin the ring (rings with more that seven 
or eight atoms), favours polymerisation, while substituents diminish the 
polymerisability of these monomers by increasing the ring stability with 
respect to the open chain. Consequently, most of the four-, seven- and 
eight-membered ring cyclic esters and carbonates are polymerisable, al
though some substituted ones can resist polymerisation [37]. Accordingly, 
r-butyrolactone, a cyclic ester with a five-membered ring, does not poly
merise under the usual reaction conditions, even though it has been re
ported that it polymerises (20% yield) to a low molecular weight polyester 
a.t 160°C LInder pressure of 2000 MPa. Lactones with a greater num
ber of atoms in the ring can polymerise readily (o-valcrolactone and £

caprolactone) or with more difficulty (3-n-propyl-J-valerolactone 2 and 6,6
dimethyl-e5-valerolactone 3) or do not polymerise at all (penta.decanolide). 
A similar behaviour is found for cyclic diesters (polyrnerisability of digly
colide 4 > dilactide 5» tetraphenyldiglycolide 6 a.nd tetramethyldiglycolide 
7) [37]. 
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.. The ring size also has a very important effect on the extent. to which the 
cyclic monomers can be converted into polyesters. For instance, a substan
tial amount of <5-valerolactone was reported to exist in equilibrium with the 
polymer at temperatures exceeding ISOaC [38]. 

Along with the above-mentioned method for polymer preparation in
cluding alcoholysis, the latter reaction can occur in polymers, too, as rep
resented in Scheme 4 . 

.. - C-B - CO - A - 0 --- + B.-OR
 
II II
o 0 to 

------+ --- C-B -CO -R -0--- + HO- A -0--
II II 
o 0 

Scheme 4 

This exchange normally leads to a decrease in molecula.r weight of the 
polymer. The kinetics of a1coholysis in a poly(decamethylene glycol adi
pate) polymer was studied by Flory [39]. Korshak et al. have studied the 
a1coholysis of poly(hexamethylene sebacate) by cetyl alcohol [40]. It has 
been shown that this type of interchange reaction takes place in the pres
ence of basic and, especially, of acidic catalysts. The non-catalysed process 
requires high tempera.tures and longer treatment times. Wichterle and Ek

+	 sner [41] have demonstrated for the first time that the amide bond can also 
he subject to alcoholysis. 

A relatively new method for the "environment-friendly" preparation of 
polycarbonate also involves an interchange reaction [42]: 

CH3 

nHo-Q-{-Q-OH + n (O)--o~o-(O) 
CH3	 0 

,. t-Q-PO/--o~~ + 2n(O/--oHl	 orCH3 

This could be considered as alcoholysis of diphenyl carbonate by bisphe
nol A. Non-toxic solvents are employed and the by-product (Ph OR) can 
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be recycled [42]. The reaction temperature range is I 50-320°C, while the 
pressure applieo Can be from atmospheric to less than I nun Hg. Typical 
catalysts are bases, such as allmli metals (Li, Na) or their hydroxides. 

A number of carbonate esters successfully produced via interchange 
reactions of diphenyl carbonate and aromatic oiols are reported in the 
literatnre. In general, aliphatic diols do not possess the thermal stability 
required to survive the polymerisation reaction. Attempts have been made 
to produce diaryl carbonates by the direct oxioative coupling of phenols 
to carbon monoxide or by direct condensation with carbon dioxide [43]. 
The expensive and relatively inefficient catalysts (Group VIn metals, Pd 
being favoured) and low yields have precluded a commercial process. It is 
generally acknowledged that the discovery of a convenient and cheap oired 
production of diaryl carbonates, without the agency of phosgene, would be 
a revolutionary development. 

3.1. 2. Acidolysis 

The exchange reaction between carboxyl ana ester groups, commonly calleel 
acidolysis, is schematically represented below for (-A--B -) type monomers, 
and is also valid for (-D-) type monomers, where A, D and R can be 
aliphatic or aromatic (Scheme 5) [44]. 

nR-C0 2-A-0:2C-R + nH02C-B-C02H 0=; 

-(O-A-O-CO-B-CO-)" + 2nRC02H 

Scheme 5 

As for other ester-exchange reactions, it is generally accepted that the 
above interaction is an "equilibrium" one. The value of the respective eqni
librium constant can be calculated from the equilibrimn constants of hy
drolysis of the esters, i. e., K = KillKit, where Kit and K h , are t.he equilib
rium constants of the hydrolysis of RC02A- and -BC0 2A-, respectively. 
If the chemical structures of the esters are not too oifferent, it can be as
sumed that K h and Khl have similar values and consequently J{ could be 
approximated to unity. In accordance with the expected low K-value, aci
do lysis can be successfully applied for the synthesis of polyesters, provided 
that RC02H can be easily removed from the reacting system. The lower 
volatility of benzoic acid is probably among the reasons why benzoates are 
less appropriate than acetates [45). Due to volatility and monomer cost, 
acidolysis has been used in practice only when RCO- is an acetyl group. 
The reaction can be carried out by heating a bisphenol diacetate with a 
dicarboxylic acid [46] at high temperature in the melt, or in solution in a 
high-boiling solvent or even in the solid state, and acetic acid is removed 
under reduced pressnre or distilled off with the solvent. It has been found 
that bulky alkyl groups, such as tert-butyl granps, adjacent to the pheno
lic function, can sterically hinder the polyesterification by aciclolysis and, 
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when diacetates cannot undergo polymerisation, the corresponding bisphe
nols are insoluble in alkali [46]. Analogously to (-A-D-) type monomers, 
acetoxyarenecarboxylic acids have been converted to (-D-) polyesters or 
included, as comonomers, in the chains of previously prepared polyesters 
[47,48]. When poly(oxy-l,4-phenylenecarbonyl) was obtained by heating p
acetoxybenzoic acid in the presence of magnesium turnings at 220-280°C 
under reduced pressure in an argon flow, it was found that etherification 
and decarboxylation side reactions occur also [49]. For the preparation of 
copolymers, a polyester is melted a,nd heated at high temperature with 
the acetoxyarenecarboxylic acid [47,48] (or with an equimolar mixture of 
a dicarboxylic acid and a bisphenyl diacetaLe). AfLer an initial decrease in 
the TI10lecnlar weight of the starting polyester, as a result of acidolysis and 
ester-ester exchange reactions, the molecular weight increases again in the 
subsequent polymerisation step where acetic acid is removed under reduced 
pressure. 

Acidolysis reactions can also be performed ou acetoxy derivatives of 
aliphaLic diols but since they react with more difficulty than diacetates or 
aromatic compounds, and since the correspouding diols are less expensive 
a.nd ca.n easily react with eiLher dicarboxylic acids or their esters, acidol
ysis is not often employed for aliphatic diols. It has <llso been fouud tha.t, 
for the acetoxy derivatives of aliphatic hydroxyl groups, substituents may 
hinder polymerisation by acidolysis, while the non-acylated monomer can 
polymerise by direct esterification a.nd alcoholysis [50]. 

Acidolysis can take place in both polyesters aud polyamides. In the 
case of polyesters, it proceeds according to Scheme 6 and should play an 
imporLant role in redistribution (of molecular weight and of comonollleric 
units) during melt-blending at high tempemture. Evidence of an abrupt 
decrease in molecular weight when polyesters are heated with low molecular 
weight compounds bearing carboxyl groups suggests that this reaction takes 
place to a considerable exteut under the conditions commonly encouutered 
in high-temperature polyesterihcation and, ill certain cases, contributes 
siguificantly to the overall rate of molecular weight increase [45,51]. 

Scheme G 

iVlany different ~ubstances have been reported to be effective ca.talysts 
for this reaction: H2S04 , BF3, magnesium, a.nd D1l2 SnO are some examples; 
however, this aspect has not been extensively and systematically studied 
and a comparison of the catalytic activity of various compounds is therelore 
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impossible at present. 
The mechanism of acielolysis has been studied for low molecular weight 

compounds in a temperature range well below that cOImnonly used for poly
merisation; evidence of both alkyl-oxygen and acyl-oxygen fission has been 
reported [52]. For polymerisation by acidolysis, two mechanisms have been 
proposed: according to the first one [46), a reaction occurs by acyl-oxygen 
fission, involving an intermediate anhydride, analogous to that reported 
for low molecular weight compounds; the second mechanism [53], rejecting 
the first one, postulates that the reaclion proceeds via a four-membered
ring transition sLate. Both mechanisms are, however, based on uncertain 
evidence. 

As mentioned above for equilibrium constants, very few data have been 
published about the kinetics; Korshak et al. [51) suggested that the reac
tion between ethyl stearate and acetic acid in trioxane solution at 164°C 
was first-order overall. The reaction of p-butylbenzoic acid with PC was 
assumed to be second order, and an activation energy of 98 kJ / mol was 
calculated [19]. The scarcity of kinetic data could be one of the reasons why 
the contribution of acidolysis is usually disregarded in polymerisation when 
direct esterification and a.lcoholysis can also occur. However, the presence 
of dicarboxylic acids has often been observed among the volatile products 
[;;4], suggesting that a contribution to the overall molccular weight increase 
originates from acidolysis. This contribution, which is particularly relevant 
when the hydroxyl-to-carboxyl end-group ratio becomes very low, should 
be taken into account for the correct interpretation of the experimental 
results of solid state Ilolymerisation of PBT [55]. 

3.1.3. Esterolysis 

Another type of ester exchange reaction, also called ester interchange, dou
ble ester exchange or esterolysis, can occur between two ester groups, as 
shown in Scheme 7. It is perhaps even less studied than acidolysis [44,56] 
and has not found any practical application in the preparation of polyesters 
since no advantages are expected, compared to the reactions discussed 
above. Nevertheless, ester-ester exchange reactions may play an impor
tant role in determining the chemical structure of copolyesters prepared or 
processed at high temperature and in influencing the products prepared 
by melt-blending of different polyesters. Redistribution of chain lengths 
and randomisation of chemical units are the consequences of intra- and 
intermolecular ester-ester exchange reactions. The control of these reac
tions may provide a new method for the preparation of copolymers with 
a wide variation in microstructure, directly within processing equipment 
[18,1 !),56·-62]. 

RC02RI/ + R'C02R1 
1/ ::::; R'C0 2 R'1 + RC0 2RIII 

Scheme 7 
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Difficulties in separating the contribution of ester-ester exchange from 
those of other ester exchange reactions make its study problematic and 
ambiguous results can be obtained unless end-capped chains are used and 
scission reactions avoided [44,61]. The failure to use end-capped reaclants 
may invalidate results attributed to ester-ester exchange, as the same reac
tion products can also be formed from consecutive alcoholysis or acidolysis 
reactions. 

Few data have been reported for the kinetics and equilibrium of this 
reaction. A second-order (first-order for both ester gronps) is generally 
assumed and activation energies of 130-150 kJ/mol have been reported 
[61,64]. A mechanism involving an association complex has been postu
lated. No data are available for the equilibrium constant; however, it can 
be expressed as the product of the equilibrinrn constants of the alcoholysis 
reaction of the two esters on the left-hand side of the above equilibrium. 
For similar chemical structures of the esters, the equilibrium const.ant is 
expected to be close to unity [52]. 

3.1.4.	 Recent developments in the field of interchange reactions 
including ester groups 

During the last decade, interchange react.ions in polymers have been the 
subject of ext.ensive research. Iu a series of papers, J. Otton et al. [65
68] investigate all reactions taking place during the formatioll of PET via 
alcoholysis. By means of low molecular weight model compounds, the role 
of the catalyst was thoroughly examined. 

In the alcoholysis reaction, titanium was again pointed out to be the 
most active catalyst. A detailed investigation by means of IR and NMR 
spectroscopy as well as by electrocollductivity, revealed two preferential 
coordinat.ions on the titanium atom: first, the incoming alcohol, through.. 
its oxygen, then, the ester through its OR group. With the alkc.'lli metal 
carboxylates (where the order with respect to the ester is 0), it is tbe 
carboxylate anion which acts as a nucleophile on the carbonyl carbon atom 
of the reacting ester, whereas with Co and Mn (first order with respect to 
the ester), it is the meta.l which acts as an elect.rophile on the oxygen atom 
of the carbonyl group of the ester. More recently, Lei ct al. [69] have also 
studied the kinetics of the interchange reaction in dimethyl terephthalate 
(DMT) with bis(2-hydroxyethyl terephthalate) in the synthesis of PET and 
have drawn similar conclusions about the role of the catalysts. 

In a series of papers [70-73], the Tegularities of interchange reactions 
in lactonc-based systems have been studied. The homo- and copolymers of 
this type have attracted much interest during the last decade because of 
their usefulness in medicine. Since the copolymeric lactones have shown a 
wider range of useful properties, attempts have been made to characterise 
the interchange reactions in both ring-opening lactone polymerisation and 
in blends of various lactone-based polymers. 
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Thus, the copolymerisation of glycolyde (GLY) and E-caprolactone (CL) 
were studied by the NMR technique [70] in order to determine the sequence 
lengths of GLY and CL units, and to find out Lhe reaction mechanisms of 
the interchange reactions. Some of the basic results obtained are shown in 
Table 3. 

The seqnence analysis of the GLY-CL copolymers shows that, depend
ing on the temperature and nature of the initiator. copolyesters with a 
broad variety of compositions and sequences may be obtained. As a rule, 
acidic catalysts initiate cationic copolymerisation, yielding copolyesters 
richer in CL units. Complex-forming catalysts initiate an insertion mecll
anism which favonrs the incorporation of GLY, whereas anionic catalysts 
exclusively initiate the homopolymerisation of GLY. 

When the sequences obtained by copolymcrisation of lactones are con
sidered in terms of monomer reactivity, the role of transesteritlcation must 
be elucidated. In order to determine which of the above catalysts cause in
termolecular transesterification, the following experiment was carried out. 
Poly(c-caprolaetone) (pCL) with (l. degree of polymcrisatioll > 100 was 
dissolved in nitrobemene and GLY was polymerised in this solution. In
terchange reactions should result in the formation of copolyesters, i. c., of 

Table 3. Copolymcrisation of glycolyde and e-caprolactollc under various condi
tions [70] 

Initiator« Conditionsb ,c Time Yield Averap;e block length 

(h) (%) GLY,Lc CL,Le 

FeCb Bulk, 100°C 8 75,5 2,8 2.9
 
AICb Bulk, 100°C 44 3L5 17.0 2.2
 
BF3.E bO Bulk, 100°C 44 91.0 90 9.2
 
FSO.,H Bulk, IOO°C 44 5R.5 2.4 7.3
 

FeCb Nitrobenzene, 70°C 44 605 29 2.9
 
AICh Nitrobenzene, 70°C 44 23.5 <4.0 >30.0
 
BF3 ·Et2 O Nitrobenzene, 70°C 44 775 7.0 3.0
 
FS03 H Nitrobenzene, lOO°C 44 27.9 2.0 0.0
 
FS03H Nitrobenzene, 150° C 44 71.7 29 50
 

ZllC12 Bulk, 100°C 44 40.5 119 2.7 
Al(O-i-PrlJ Bulk,lOO°C 44 805 5.0 4.8 
(n-BuhSn(OMeh Bulk, 100°C 44 99.0 15 18 

Al(O-i-Prh Nitrobenzene, 150a C 44 505 L7 18 
(n-BuhSn(OMeh Nitrobenzene, IOO°C 44 65.0 18 L9 

"Al(O-i-Pr)s -n.lul11inium isopropyla.Le, (n-Bu)zSn(OlVle)2 - dibutylt.in dirnethylaLe 
breed ratio glycolyl/hyc1roxycaproyl nnit.s = 1:1 
cMola.r ratio initia.tor/sum of ooLh monomers = 1:100 
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CL-GLY and GLY-·CL bonds. Since the concentration of CL was constant 
all the time, whereas that of GLY depends on the conversion, the molar 
ratio of CL-GLY to CL-CL bonds determined from NMR [70] can be a 
llleasure of transesterification. The results are listed in Table 4. 

Table 4 snggests the following conclusions about the occurrence of in
terchange reactions: (i) Intermolecular transreaction is only detectable in 
the presence of FeCb, BF3.Et20 and FS03H. Its extent increases with re
action time and temperature. (ii) Aluminium isopropylate and dibutyltin 
dimetbylate do not cause any interrnolecnlar transesterification. At first 
glance, this might contradict the fact that these alcoholat.es cause, in the 
case of copolymerisation of monomers, the formation of short seqnences, 
i. e., of random copolymers. Therefore, it shonld be pointed out th[tt these 
initiators calise intramolecular transesterification. 

In a snbsequent st.udy, the regularities of the copolymerisation of GLY 
with O-propiolactone, ;-butyroladone, or b-valerolactone were disclosed 
[71]. The results obtained were exactly as in the previous case - cationic: 
initiators (FeCI3, BF3.Et20, FS0 3H) ca.use intermolecular transesterifica.
tion, whereas the complex-forming catalysts (ZnCI2, AICl3 and AI(O-i
Pr);;) do not. 

The problem of whether or not an initiator CiJ.uses t.ransesterification 
dnring copolymerisation is of significant importance. Initiators with high 
transesterification activity are useful for the preparation of amorphous 
copolyesters with random sequences, whereas initiators withont trans
esterification ability are useful for the preparation of block copolymers. 
As far as metal alkoxides are concerned for the polymerisation of lact.ones, 
thorough NMR investigations [72] show that transesterificat.ion [tctivity is 
high for tin alkoxicles and low for aluminium alkoxiclcs. Thus, tin alkoxides 
are useful for initiators when copolylactones with random sequences are 
to be synthesized, whereas AI(O-i-Prh is best suited for the synthesis of 
block copolyesters. 

Table 4. Polyrnerisation of glycolid in nit.robenzene in the presence of poly(e
ci;l.prola.ctone) [70) 

Initiator Yield (%) Transest.erification (%) 

FeCl3 100 60.0 :~1.0 

BF3.Et20 100 835 12.0 
BF.3·Et20 150 30.0 840 
FS03 H 70 79.5 0.0 
FS03 H 150 75.5 32.5 
AICb 100 21-95 00 
Al(O-'i-Prh 100 87.5 0.0 
(n-Bu)2Sn (OMeh 100 00 0.0 

Copolymerisation ror 44 h in nitrobenzene 
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Along with the copolymerisation of the cyclic monomer lactones, an
other approach for preparation of copolymers might be the transesterifi
cation of the corresponding polyesters [73]. In this investigation, poly(L
betide) (pLL) was solution-blended in equimolar (referr~d to as monomer 
units) concentrations with pCL, pGLY or poly(propiolactone). After the 
common solvent had been evaporated, the physical homopolymer blend was 
thermostated in a nitrogen atmosphere in a closed flask. The annealing tem
peratures of the homopolymer blends were maintained in the lOa-150°C 
range. Table 5 summarises the results of the cationic transesteriJ1cation of 
pLL and pCL at 150°C in the presence of various catalysts. 

These data indicate that rapid degradation occurs at 150°C when 
triflic acid or methyl triflate are applied as initiators (Nos. 1-7) , so 
that copolyester could never be isolated. Better results were obtained 
with BF3.Et20 (Nos. 8-11). At shorter reaction times of 48 and 73 h, 
copolyesters with relatively long blocks may be obtained. Longer reaction 
times, however, caused complete degradation of the polyesters, and copoly
mers with nearly random sequences were not obtained. 

An improvement in this direction could be achieved by means of tri
butyltin methoxide at 150°C (Table 6). In this series of experiments, a 
continuous decrease of the average block length of the homogeneous blocks 
was detectable at longer times. The smallest block length of c:-oxycaproyl 
units (Le = 3.5), found after 96 b, comes close to the value of a random 
sequence (Le = 2.0). The characterisation ofthese copolyesters is discussed 

Ta.ble 5. Cationic trallsesterification of poly(L-lactide) and poly(c:-caprolactone) 
at IS0a C [73) 

No. Catalyst" Time (h) Yield (%)lJ (dl/g)C Ie d 
TlJJ1'· 

1 CF3 S03H 8 0 
2 CF3S03H 24 0 
3 CF3S03H 72 0 
4 CF3S03CH3 8 91 0.41 
5 CF3S03CH3 24 88 0.36 
6 CF3 S03CH3 48 0 
7 CF3S03 CH3 72 0 
8 BF3.Et2 O 8 95 0.36 
9 BF3.Et2 O 48 86 0.32 11 

10 BF3.EbO 72 80 0.16 6 
11 BF3.EtzO 120 0 0 

a Molar ratio of monomer units to cata.lyst = 200: 1 
bYield indicates percentage of the homopolyester blend recovered 

after annealing 
Clntrinsic viscosity, measured a.t 10 gil in chloroform at 30°C 
dCakulated from the 13C NMR spectra 
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below in more detail. 
Finally, it is noteworthy that transesterification experiments conducted 

with blends of pLL and polY(rJ-propiolactone) under the conditions of Ta
bles 5 and 6 yielded either blends of homopolyesters (after short times, 
< 24 h) or resulted in complete degradation. 

These results lead to the conclusion that transesterification of poly(L
lactide) does not provide an easy access to entirely random copolylactones. 
Yet copolyesters with a certain degree of randomness and broad chain het
erogeneity can be synthesised in this way, and such copolyesters are difH
cult to obtain by copolymerisation of L,L-lactide and other lactones. Thus, 
from a preparative point of view, transesterification of polylactones and 
copolymerisation of lactones are complementary methods rather than al
ternatives. 

It is worth mentioning the more recent study of Tijarna et al. [74) con
cerning the interchange reactions in the melt of polypivalactone (pPVL) 
with several diols, diacetates and diacids. 

pPVL 

These authors have established that interchange of 8 with bisphenol di
acetates and l,4-butanediol occurs readily, particularly in the presence of 

..	 a titanium catalyst; it is suggested that an initial cleavage of ester bonds 
in the polymer chain of 8 takes place, followed by a reaction between the 
newly formed ester end-groups and initially present hydroxyl chain ends. 
The acidolysis of pPVL with the diacids proved to be less effective; in the 
case of 10 mol % isophthalic acid, less than 1% of the diacid was incorpo

.. 
Table 6. TransesterificatioIl of poly(L-lactide) and poly(.::-caprolactone) with tri
butyltin methoxide at 1500 C [73] 

No. M/Ca Time (h) Yield (%) T)i nt. b (dl/g) LL/CU Ie d 

1 200 24 86 0.62 1.05 13.3 
2 200 48 74 0.55 1.02 60 
3 200 72 67 0.49 1.05 5.1 
4 200 96 64 0.45 0.99 35 
aMolar ratio of monomer units and catalyst 
bMeasured at 2 gil in chloroform at 30°C 
cMolar ratio of lactidyl and .::-hydroxyca.proyl units in t.he isolated 

copolyester as determined by 1 H NMR. spectroscopy 
d Average block lengt.h of .::-hydroxycaproyl nnits 
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rated into the polymer chains and a decrease in the logarithmic viscosity 
number of only 22% was found. Both the high stability of the ester hond 
in pPVL toward acids in general and the heterogeneity of these systems 
are supposed to be the reasons for this pPVL behaviour with respect to 
acidolysis. 

The synthesis of copolyesters via interchange reactions of 8 with sev
eral componnds has also been studied in the melt. In a first stage, ester 
honds in the polymer chain are cleaved and ne,',; groups are incorporated 
into the polymer chain, while in a second step condensation of the end
groups formed occurs. Three procedllIes have been used, with tetrabutyl 
orthotitanate as (I, catalyst. pPVL was heated with equimolar mixtures of 
hisphenol A diacetate (BPAac) and terephthalic acid (TA) , bnt no polymers 
were formed; instead, polycondensation of BPAac with TA occurred, leav
ing the pPVL nnaffected. From pPVL and mixtllIes of BPAac and DMT 
polymers were obtained which mntained a significant amount of copoly
meric sequences. However, most of the polymer chains consisted of pPVL 
and poly(bisphenol A terephthalate) blocks. Random copolymers with ther
mal stability were obtained after heating pPVL with PC and DMT. The 
latter process Wi;lS studied in detail by IR, DSC, solubility, and selective 
degradation tests. 

Copolymer composition seems to be closely associated with the mecha
nism of the interchange reactions, as shown by its Monte-Carlo modelling 
performed by Montaudo [75] and described in more detail in Cha.pter 4. 

Recent stndies dealing with preparation of polyesters via interchange 
interactions are numerous. In this respect, one should mention the vigor
ous development in the field of non-phosgene preparation of polycarbon
ates [76-87]. Efforts have been made to design continuous mE'thods for 
PC preparation [88,89]. Modification of PC polymers at the stage of their 
preparation via transreactions seems to be very promising, too. In such a 
way UV stabilised [90] and branched [91] polycarbonates have been pre
pared. There are also commnnications disclosing the interchange reactions 
in blends of PC and low molecular weight benzophenone derivatives [92] 
aiming at improvement of the properties of the starting PC. 

As mentioned above, the large-scale production of cliaryl carbonate::;, be
ing the starting materials for "environment-friendly" PC synthesis throngh 
alcoholysis, is also a rapidly developing field of research [42,93,94]. 

Another noteworthy issne is the synthesis of polyester hOlllO- and 
copolymers via alcoholysis [95,96J. All-aromatic copolymers have been ob
tained by this technique [97] as well as dyeahle PET-based copolyesters, 
namely PET-co-poly(ethylene adipate)-co-isophthalate sodium salt [98]. 
An entirely novel technique for polyester preparation is twnsesterification 
in supercritical carbon dioxide [99], which could obviously be used not only 
for PET bnt also for many other polyesters [100]. As reported recently by 
Ootoshi et al. [101], poly(ethylene naphthaJate) (PEN) can also be 1>1'0

eluced by alcoholysis of the corresponding diacid ester. 
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Interchange reactions of polyesters with low molecular weight reagents 
(alcohols, acids) is also a possible method of modifica.tion of the basic poly
mer. AI-Haddad et al. [102] and Bakmirzaeva et al. [1031 have recently 
reported on the reaction kinetics of PET acidolysis with acetoxybenzoic 
acid. Glycolysis of PET wilh oligomeric polyethers is reportedly [104] a 
possible way of preparing polyether-esters. Inlerchange reactions between 
PET, hydroquinone diacetate and TA have been sludicd by Matthew et 
al. [1051 and proved to be a suitable method of coupling in a copolymer of 
PET and hydroquinone-terephthalate units. 

An inleresting trend in the field of transreactions in polyesters is the 
use of enzymes (mostly lipase and proteinase of various origins) both for 
transesterification of PET wilh triglyceride oil [106,107] and for preparation 
of polyesters by alcoholysis of terephthalic acid diesters wilh 1,4-butane 
dial in THF [108]. Similarly, poly(1,4-dibutyl sebacate) was prepared by 
Linko ct al. [109] using substituted diacids and dials, reaching molecular 
weights of >130,000. Partial transesterification of sucrose [110J and the 
preparation of its soybean fatty polyester [111] are also worth mentioning. 
Other examples of lipasc-catalysed interchange reactions are the alcoholysis 
of triglycerides to yield di- and monoglycerides, reported by Kumar et al. 
[112], and the lipase-catalysed transesterification of rape seed oil [113]. 

Interchange reactions in polyesters blends are also subject of extensive 
research due to the broad range of materials that can be produced in this 
way. Even in immiscible blends, where exchange interactions are possible, 
drastic changes in miscibility occur. The mechanical blends transform first 
into block copolymers, the block lengths gradually decrea-sing to attain, at 
equilibrium, random copolymers (see [114] and references therein). A more 
detailed approach to this issue may be found elsewhere in this book (see 
Chapter 8). 

Recently, Guo has studied the relationship of interchange reactions and 
miscibility [115]. The author examined the formation of a single phase as a 
consequence of transesterification, or vice ver'sa, in some polyester blends. 
On the basis of NMR data, the conclusion was drawn that the intercLange 
reaction (transesterification) is not the necessary condition for miscibility. 

PET, PC, and PEN containing polyester blends are among the most 
studied systems as far as interchange reactions in polymer blends are con
cerned. Interesting for a possible industrial application are the copolymers 
obtained via interchange reactions in PET/PC [11 6-118], PEN/P C [119], 
PEN/pCL [120], and PET/PEN blends [121-126J. The PET/PBT blend 
reportedly offers some useful advantages in studying the sequence ordering 
and length of the copolymers produced, by means of NMR [127) and by 
DSC [128]. 

Kollodge et al. [129,130] studied a binary homopolymer blend com
posed of poly(2-ethyl-2-methylpropylene terephthalate) and PC in which 
interchange reactions were induced. Special attention was paid to the so
called midchairr-midchain (esterolysis) and rnidchain-cnd-grouIJ reactions 
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(alcoholysis or acidolysis) and their impact on the phase behaviour. It was 
fonnd that the extent of interchange reactions required to shift the phase 
behaviour from two phases to one w",s 4% (2.8% alcoholysis and 1.2% es
terolysis). It is worth mentioning here the studies of Ha et a.l. [131] on a 
PETIPEI blend, indicating a transformation from block into random order
ing with the advance of interchange reactions. Koklv'),!as et al. have studied 
the catalyst influence in the so-called postpolycondensation of PET, involv
ing interchange reactions between different PET macromolecules causing 
an increase of the molecular weight [132]. 

Polyester blends containing polyarylate 9 and interchange reactions 
t.herein have also attracted scientific interest [133-135]. Similar trends to
ward formation of copolymers and blend compatibilisation have been fonnd 
and proved by thermal and NMR techniques. 

PAr 

(tere:iso= 1:1) 

9 

Interchange reactions are often induced between polyesters (or poly
carbonates) and some liquid-crystalline polymers. Again, the most stud
ied aspects are the phase behaviour in snch systems and their rheological 
properties as a function of the interchange reaction completion [136-147]. 
In this respect it is worth mentioning that the acidolysis of phenol acetates 
is the most widely used polycondensation method for the preparation of 
fully aromatic polyesters, in particular for all commercial liquid-crystalline 
polyesters -- Vectra@, Rodrun@, Xydar®, Granla@, etc. Numerous pa
pers and patents exist on this snbject (105,148,149] and a recent review 
paper of Gallot [150] summarised the principles and strategies for the syn
thesis of block and comb-like liquid-crystalline polymers for biological ap
plications. 

Interchange interactions in the process of ring-opening polymerisation 
and in copolymer systems produced in this way have also been given some 
attention. Isoda et a.l. have studied the impact of the Lewis acid catalyst 
on the occurrence of interchange reactions in the process of o-valerolactone 
polymerisatioll [151 J. It was found that some of the aluminium porphyrins 
used as catalysts causE' transesterificatioIl, resulting in a broadening of the 
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polymer molecular weight distribution. 
Ma et al. [152] studied the miscibility, interchange reactions and the 

formation of ringed spherulites in a PBTIpCL blend at 250°C By means of 
DSC and polarised light microscopy, the authors proved that an interchange 
reaction in this system depends on the miscibility of the starting blend. 

Type (-D-) copolymers of CL and L-Iactide could reportedly be pre
pared in the melt at 110°C [153J. CL is polymerised first to yield a polymer 
with pendant OR groups. The latter initiates the polymerisation of sub
sequently added L-Iactide, 'When L-Iactide was first polymerised, followed 
by mpolymerisation with CL, random copolymers \vere produced, their 
formation being attributed to interchange reaction (transesterification). 

Thermal decomposition of poly(laclic acid) was studied by Kopinke et 
ai, by several techniques, including DSC, TG, and pyrolysis [154]. The 
reaction pathway was found to involve intramolecular transesterification, 
giving rise to the formation of cyclic oligomers. 

A very recent study by Montaudo ct al. [155] discloses the mechanism of 
interchange reactions in PBTIPC blends. Employing appropriate polymer 
samples (end-capped or containing reactive middle-chain and end-groups), 
the authors showed that the exchange process may proceed via two different 
mechi'misms: (i) a direct interchange between inner functional groups, i, c., 
located inside the polymer chaim; or (ii) an attack of reactive chain-ends 
on the inner groups. When the concentration of the reactive end-groups is 
lower (e.g., in high molecular weight PBTIrc and PETIPC blends and 
in the presence of a transesterification catalyst), the first type of exchange 
interaction takes place which, in fact, represents an ester-carbonate ex
change. VVith lower molecular weight reagents, the second type of interac
tion prevails. The latter includes either alcoholysis or acidolysis, depending 
on the type of reactive end-groups involved. The authors showed that by 
monitoring the composition of the copolymers formed, it is possible to 
distinguish between the contributions of the above two reaction patterns. 
This approach makes it possible to control the composition and yield of the 
copolymer and may be used in other systems where interchange reactions 
occur. 

As a concluding remark concerning the exchange interactions in 
polyesters, it can be inferred that acidolysis is the most useful method 
for the polycondensation of phenols, but not successful for alcohols (dials). 
Alcoholysis is, in contrast, useless for diphenols. Therefore, acidolysis ancI 
alcoholysis are complementary methods for the synthesis of polyesters, andt 
the so-called direct ester--ester exchange is appropriate for the synthesis of 
copolyesters.t 

T
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3.2.	 Reactions taking place in polyamides involving am~ne and 
amide groups 

Many excellent reviews have been written on polyamides, their synthesis 
and possible reactions [156-160]. In this section, only interchange reactions 
involving amine or amide groups are discussed. 

The polymcrisation reaction in polyamide synthesis is polyamidation. 
Its elementary step, amidation, corresponds to the reversible reaction of 
amide hydrolysis (or alcoholysis) and therefore proceeds via the same tetra
hedral iutermediate as that of the latter reaction [161J. Scheme 8 sums up 
the mechanisms of acid-catalysed and non-catalysecl amiclation of a car
boxylic or cster group by an amino group [156]. 
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Polyamides of the (-A-B-)n type can be prepared from diamines and 
diacids (Reaction (a)) and are also called Nylons, whereas polyamides of 
the (-D-)n type can be prepared from either aminoacids through their 
self-condensation (Reaction (b)) or cyclic amides (!actams) by an addition 
process (c). 

nH2 N -A - NH2 +nHOOC - B - COOH = 

I 0II 
(a)1• N-A - N-C -B - C + 2nH2 0fH 

I I II n 
~ H 0 

(b)nH2 N - D - COOH -== fZ-D - CII1n +nH2 0 
o 

oD II 
-NH2 + /" -N-C-D - NH2 (c)

N-C I 
I II H 

H 0 

To initiat.e the hydrolytic polymerisation of lactams, a fraction of the 
rings has first to be opened (Reaction (d)). These polymers are called 
polyamides or Nylons (1:+ 1), and important representatives are polyamide;; 
4,6,11, and 12. 

(d) 

1 

Another synthetic route uses interchange reactions (e) and (f) involv
ing at least one amide group. The total number of end-groups remains 
unchanged by these reactions, but the chain lengths are redistributed con
tinuously. In Reaction (f), a diarnine is formed which, under appropriate 
conditions, can be removed from the system. The lactam ring addition step 
(c) can also be regarded as an interchange reaction . .. , 

H H H H 
I I I I 

-B-C- N-A- + -B'-C - N-A'- -B-C - N-A'- +-B'-C - N-A- (e) 
II II II II 
o 0 o 0 

H H 
I . I I

-8-0- N-A-NH2 + H2N-A' -8-C - N-Pl.- + H 2 N-A-NH2 (f) 
II II 
o o 

T
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Melt polycondensat.ion of w-aminoacids or equimolar mixtures (salt.s) 
of diamines (R = a.lkyl or aryl group) and diacids was t.he very first. method 
of polyamide synt.hesis; nevert.heless it. is st.ill largely used. Paradoxically, 
t.he weak point of melt polycondensation is the use of high temperatures 
to carry out the reaction, causing thermal decomposition of certain reac
tants. This can be avoided by the use of monomers having modified func
tional groups instead of t.he zwitterionic aminium and carboxylate groups 
[162]. Modification of the carboxylat.es into esters or amides eliminates the 
ionic crystallinity of the monomer and avoids the need for excessive heat
ing. However, this is not a real advantage when one has to operate above 
the melting temperature of the resulting polymer in orcler to achieve high 
molecular weight. Polyamides are readily fonned iu the same way from 
w-aminocarboxylic esters [163] and diamines [164]. 

The mechanism of condensation of amines and carboxylic esters is essen
tially the same as that of non-catalysed condensation (see Scheme 8) and 
could be considered as an interchange reaction hetween ester and amine 
groups. It should be mentioned that the ease of the aminolytic (nucle
ophilic) reaction by the attack of a given amine is influenCed by the elec
tronic and steric environments of the ester group and by the nature of the 
leaving group. In the absence of H+ ions, the reaction rate becomes slow 
in the later phase of polycondensationj for this reaSon partial hydrolysis 
of the starting material is profitable in some cases [165,166]. On the other 
hand, the use of alkyl esters sometimes gives rise to partial N-alkylation, 
which could limit the molecular weight of the resulting polymer and worsen 
its properties [167). 

Similarly to the polyester synthesis, the interchange reactions in 
polyamides should be considered taking into account the polycondensa
tion equilibrium. At different stages of this equilibrium, different types of 
exchange interactions are predominant. In the very first stages (a) and (b) 
of polyamide formation, exchange reactions between COOH (or COOR) 
and NH2 groups from the monomers are responsible for the chain growth. 
This is also valid for the lactam polymerisation (c). At a later moment, 
when the concentration of the NHCO groups becomes high enough, they 
are involved in amide iuterchange (f). Reactions (g)-(m) give a general idea 
of the equilibria that should be considered in the hydrolytic amidation pro
cess. 

Reaction (g) shows the polyamide salt formation. These ions cannot 
yield the amide group directly; what is more, they hinder the amidation. 
Hence, polyamidatioll proceeds either from the neutral carboxylic group 
(h) or via acid-catalysed reaction (m). It is obvious tbat the amount of 
water and the pH of the system should also have some effect. 

-NH2 -I- HOOC- ~ -NH;-OOC- (g) 

-NH2 -I- HOOC- ~ -NH-CO- -I- H 2 0 (11) 
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-NH2 -I- H 2 0::=; -NHt -I- OH- (i) 

-COOH -I- H 2 0,,=; -COO- -I- HtO (j) 

2H20 "=; H30+ -I- OH- (k) 

-COmI -I- H+ "=; -C(OH)~ (1) 

-C(oH)i -I- H 2N- "=; -CO-NH- -I- H+ -I- I-hO (m) 

The reactivity of the functional groups has little dependence on ei
ther the length of the aliphatic group or the length of the polymer chain 
[168,169]. Therefore, the polyamidation kinetics of the various polyamides 
are comparaule. In contrast, for laetam ring structures, the reaction equi
libria depend on the ring size [170). 

The main amide equilibria are: (i) condensation and ring opening a.nd 
(ii) amide interchange and ring addition. As far as exchange reactions are 
concerned, the second equiliurium seems to ue more important. For the 
ring addition (c), the equilibrinm value under polymerisation conditions 
determines the minimal final cont.ent of la.ctam, which is 7.8% for Nylon 
6 at 250°C and even higher for some other polymers [170]. Unfavouraule 
values for some lactam polymers (Nylons 4 and 5) make them thermally 
nnstable at higher temperatures. 

When two different polyamides are mixed for 3 min at 260°C, 5% of 
the amide gronps (as measured by NMR) have already undergone amide 
interchange and a block copolymer is formed. For longer reaction times (120 
min at 260°C), a completely random copolyamide can be formed [171-173J. 
The amide interchange reaction is acid-catalysed [172]. 

In some cases, the residual monomers can be removed uy an amide 
interchange reaction (1'). More particularly, volatile diamines are removed 
in this way and are therefore often added in excess a.t the beginning of the 
reaction . 

Copolymerisation of caprolactam with other lactams, e. g., 12
dodecanclactam, by hydrolytic schemes has the same advantages and disad
vanLages as homopolymerisation. Copolymerisation with Nylon salts can be 
performed without the addition of water, eliminating the hydrolysis step 
and retaining only the ring opening and polycondensation steps. Com
pared to the homopolymer, the random copolymers, showing depressed 
crystalliuit.y, are produced on a much smaller scale [157). Small amount.s 
of comonomer are incorporated in order to influence the dyeing uehaviour 
of textile or carpet fiures. Higher levels of comonomer systems (e.g., hexa
methylenediamine-isophthalic acid salt) are used to prepare largely amor
phous products which are valued for their transparency [157J. 

At this point, there have been quite a lot of stndies on the phenomenon 
of interchange reactions in polyamides, enough to clarify the mechanism 
of transamidation. Korshak and Ftunze [174] referred to the processes as 
aminolysis and/or acidolysis, uuL did not report any rate-determining anal
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ysis. They indicate that polyamides having capped amine and carboxyl 
groups do undergo exchange reactions, but at a lower mte. Flory [173] 
also suggested that aminolysis occurs with the possibility of true amide 
exchange in polyamide melts. These rea.ctions are: 

-NH-CO- -NH HOOC
~Acidolysis + I + 

-COOH -co 

-NH-CO- -NH2 CO
~Aminolysis + + I 

-NH2 NH

-NH-CO- -NH CO
~Amidolysis + I + I 

-CO-NH- -CO NH-

Beste and Houtz [172] have shown that when sebacamide and N,N'
diacetylhexamethylcnediamine are hented together, amide interchange oc
curs to form acetamide and poly(hexamethylenc sebacamide). These au
thors have found that the presence of water and carboxyl groups signifi
cantly affects the reaction and snggested a square-root dependence on the 

Table 7. Amide interchange; 50 min at 2450 C" [172] 

(S]a [H]a {C02H]a}I/2 [AJ k2 f{25 

5.09 4.89 10.25 0.363 0.31 30 
5.00 4.98 10.16 0.374 0.32 31 
4.98 5.00 10.14 0.360 0.:31 31 
4.50 4.99 22.6 0.701 0.75 3.'3 
7.48 2.50 5.2 0.140 0.15 29 
2.50 7.48 3.0 0072 0.077 26 

"Concentrations are given in mequiv/g: [5]0 = initial concentration of sebacamide; 

[lIJa = initial concentration of N,N'-diacetylhexamethylenpdiamine; [AJ = concentra
tion of acetamide aJter 50 min; h:2 = second-order rate constant (E'quiv/g)-J; [(2.5 = 
second-order rate constant (equiv/g)-J 5(min)-1 

Table 8. Effect of water Oll rate of interchange [172) 

Added water (wi. %) 

o 30.2 
0.42 34.3 
1.16 47.0 

"Anhydrous" 23.6 
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carboxyl group concentration. As seen in Tables 7 and 8, the effect of water 
is consistent with the catalytic effect of hydrogen ion~, i. c., hydrolysis and 
transamidation are certainly consistent with their results. They also re
ported a possible mechanism involving the attachment of the proton to the 
amide nitrogen, followed by reaction with water to give a carboxyl group 
and an alkylammonium ion. Salt formation and arnidation could then oc
cur. Beste and Houtz [172] also e~timated that about half of the amide 
groups will take part in an interchange within 30 min during the second 
stage of Nylon 6,6 polymerisation to a molecular weight of about 23 000 at 
283°C. 

Ogata [175], in his studies on the polymerisation and depolymerisation 
of poly(c:-caprolactam) polymers, found that no intermolecular reaction oc
curs on heating c:-caprolactam or diketopiperazine with a polyamide in the 
dry state. The amide groups of chain molecules react with c:-caprolactarn 
to a significant extent in the melt - the rates of reactions of rnono
substitnted or disubstituted acid amide with methyl c:-caprolactam or c:
caprolactam being slower than that of the monosubstituted acid amide 
with c:-caprolactam - and N-methyl c:-caprolactam did not react at all. 
He also found that the amino cation RNHt reacts with the amide group 
of c:-eaprolactarn, while the dissociated carboxyl group RCOO does not. 

Miller [176] found iu studies with mixtures of N-ethylcaproamicle and N
hexylacetamide containing small concentrations of hexylamine and caproic 
acid that amide exchange improves acidolysis and aminolysis with no de
tectable contribution of a direct reaction between amide groups. His re
sults show that the exchange rate is not accelerated by hexylamine but is 
increased by caproic acid and that the formation of an anhydride interme
diate yields kinetic equations that provide a good fit for the amide exchange 
rate data. In the rate equation derived (Eq. (46)), [Alo, [CJo, [HClo, [HA]o, 
and [EClo are the initial concentrations of acetic acid, caproic <tcid, hexyl
caproamide, hexylacetamide, and ethylcaproamide, respectively. 

f{ = ([A]o[EClo + 2[Clo[ECJo + [C]o [HAlo)/4 (46) 

The activation energy in the 231-275°C range was 27.7 lecal/mol. 
I<otJiar [177] showed that the interchange rate for dispersed molecular 

blends of Nylon 6 is acid-catalysed and is a complex fuction of the water 
content. However, his results could not definitely show tha.t the interchange 
rate is a. function of the amine ends. 

More recently, Faldrov et al. have studied the interchange reactions in 
PET/Nylon 6 blends [1781. The chemical changes occurring in the ester
amide exchange or condensation reactions in the solid state lea.d to the 
formation of copolymer layers between the two components in the blend. 
The interphase pla.ys the role of a. compatibiliser. Prolonged a.nnea.ling at 
higher temperatures (below the melting of PET) results in the tra.nsfor
mation of the initially isotropic polyamide matrix into a copolymer which 
affects the morphology and properties of the blend. 

....
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The changes in the thermomechanical behaviour of the same 
PET/Nylon 6 blend (l: 1 by wt) subjected to mechanical and thermal treat
ments have been examined by means of dynamic mechanical measurements 
[179]. It was established from previous stndies that PET/Nylon blends are 
incompatible in the isotropic state, but form the so-called microfibrillar
reinforced composites upon extrusion, dra.wing, and suitable annealing. 
This study focuses mainly on the amorphous component of the blends and 
thus complements the above results concerning tbe crystalline phase. The 
orientation and crystallisation of the homopolymers induced by drawing im
prove the dispersion of components and impart some compatibility as far as 
one glass transition is observed. Yet, by annealing the drawn blend below 
the melting temperatures of both components (e.g., at 220°C), the biphasic 
character of the composite is enhanced, inasmuch as the microstructures of 
both the crystalline and the amorphous phases are improved and the reor
ganisation of species within separate phases is favoured. The components 
of the heterogeneous blend become compatible, provided that annealing is 
performed at a suHicienl1y high temperature (240°C), falling between the 
melting temperatures of the two components and allowing the isotropisa
tion of the lower-melting component, Nylon 6. The increase of compat
ibility is attributed to transreactions producing compatibilising layers of 
PET-Nylon 6 copolymers as phase boundaries between microfibrils and 
the amorphous matrix. Prolonged annealing (25 h) leads to the randomi
sation of the original block copolymers and results in the participation of 
the entire amount of polyamide in the copolymer, which is evidenced by 
the disappearance of the glass transition peak of Nylon 6 [179] (see also 
Chapter 8). 

In the stndy of transamidation reactions in the melt of polyamide 
blends, it is important to know whether the resulting product is actu
ally a block copolymer, a random copolymer, or a mixture of two ho
mopolyamides. In blends composed of a semicrystalline aliphatic polyamide 
and an amorphous aromatic polyamide, knowledge of the length of the 
homogeneous blocks of the aliphatic polyamide can provide information 
about the kinetics and the crystallisability. It is known that at tempera
tures of about 250°C, copolymer formation occurs by amide exchange in a 
melt of two polyamides [176,180]. Some attempts have been made to char
acterise the extent of interchange reactions in mixtures of poly(m-xylene 
adipamide) and Nylon 6 [181) and also in mixtures of Nylon-x, y polymers 
(182], where x indicates the number of carbon atoms separating the nitrogen 
atoms in the diamine and y the number of straight-chain carbon atoms in 
the dibasic acid. However, these analyses by NMR are not sufficiently con
vincing. According to tbe literature, proton NMR has been used as a tool 
to identify polyamides and copolyamides, but as shown in (183], 1 H NMR. 
is not a general tool for discriminating between aliphatic copolyamicles and 
blends of homopolyamides. It is now well known [22,24,184,185] that the 
shift differences for blends of homopolyamides, alternating copolyamides, 
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and random copolyamides are best expressed in the 13C carbonyl region. 
Another method is 15N NMR, which makes it also possible to determine 
sequences; however, the advantage of 1 Hand 13C NMR over 15N NMR is 
that the quantitative measurements are more accurate [1861. 

In a recent paper by Aerdts eL a.t. [187], the 13C NMR spectra of a blencl 
and a copolymer of the semicrystalline aliphatic Nylon 4,6 and the amor
phous aromatic Nylon 61 were studied. Both polyamides are very suitable 
for such an investigation because of their miscibility over the enlire COlll

position range. The absence of multiple phases in the melt simplifies the 
investigation of transamidation reactions. Another advantage is that this 
system is of practical interest since both polyamide resins are commercially 
available products. The copolymer is formed after reaction in the melt a.ud 
subsequent l3C NMR measurements suggest th<tt exclmnge reactions have 
taken place. Four kinds of dyad sequences could be determiued in the car
bouyl resonances in the 13C NMR spectra of the copolyamides and, from 
their relative peak areas, it was possible to determine the number-average 
block length as well as the degree of randomness using the theory developed 
for polyesters by Devaux et oL [17]. It was shown that after extruding a 
Nylon 4,GjNylon 61 blend (1:1 by w1.) for 90min at 315°C, the degree of 
randomness was 24% and the average homologons block length of Nylon 
4,G was 8. The resulting copolymer can still crystallise, as demonstrated in 
[188]. 

3.3. Intercha.nge reactions involving Si-O bonds 

Interchange reactions are best studied and understood in polyesters and 
polyamides, but this does not exhaust their variety in polymers. Similar 
reactions can also take place, involving Si-O bonds. Some aspects related 
to the exchange reactions in organosilicon chemistry can be found in [189]. 
In this section, only the relatively new approach to polymer synthesis em
ploying silylated starting monomers is discussed. 

In some cases, classical polycondensation reactions between COOH (or 
CaOR) and OH- or NH2-containing starting monomers prove inappropri

t ate due to various problems arising either during the polycondensation itself 
(e.g., solidification of the reaction mixture, undesirable side reactions) or at 
later stages (e.g., impossibility of purification of the final product). These 
problems can be avoided by modification (silylation) of all or some of the+ starting monomers. Such an approach was shown to be highly advantageous 
in the preparation of some thermotropic poly(ester anhydrides) [190,191] 
and linear, star-shaped, or hyperhranched i>oly(ester amides) [1921. 

Thermotropic poly(ester anhydrides) are of certain practical interest 
because they combine the useful properties of a fully aromatic polyester 
with a high rate of biodegradation (e.g., by hydrolysis) reached by incor
poration of anhydride groups. Scheme 9 depicts the synthetic route via 
silylated compounds [190] . 
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tco-o-co-o-Q-c~;o-o-CO-C)-C:0-Q-0t 
CJla 

Kco-O-co-o-o-o)\(co -o-(Jo-O-Go-Q-o~ 
lOa-I" 

a, m/Il =~O/lO d, 111./11 =60/40 
b, "'/" =80/20 e, m/n =50/50 
c. ,n/n =71lj:lO j', m/n ""-JO/70 

ColI.. 

Kco-o-co-o-o-o)\(co -o-co-o-co-Q-o~ 
lla-R 

a, m/n =90/10 d, m/II =60/40 
t, m/Il =80/20 e. m/ll =;'0/,;0 
c, min =70/30 r. 111./11 =40/60 

g, no/Tl =30/70 

[co-o-co-o-Q-o)\(co-O-co-o-co-O::~ 
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a, m/II ""Z/1 
b, m/n =l/l 
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a, 111./11 =2/1 
b, m/u =1/1 
c, m/II =1/2 

Scheme 9 
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As one may conclnde, the above reactions can be regarded as non
equilibrium interchange (transacylation) between terephthaloyl dichloride 
and the silylated hydroquinones and silylated 4-hydroxybenzoic acids to 
form complex and obviously random sequences of several ester and anhy
dride groups. Some of the advantages of the "silyl method" arc that the 
bulk condensation of silylated monomers does not require solvents and the 
volatile chlorotrimethylsilane is the only by-product. At the end of poly
condensation, by subjecting the reaction mixture to high vacnum at. 300°C, 
all of the residual low molecnlar weight by-products and starting materials 
could distill off or sublime. 

JJC NMR spectra were obtained from freshly prepared solutions of 
poly(ester anhydrides) in a mixture of CDCb and CF3 COOH (4:1 vjv); 
they are particularly easy to interpret when the molar ratio of hydro
qninone and hydroxybenzoic acid is close to 1:1. The best resolution of car
bonyl signals, which are most sensitive to sequence effects, was obtained for 
samples lIe and 1lf (containing phenylhydroquinonc). As shown in Fig
ure 17, six relatively strong CO signals are observable. Taking into ac.count 
that poly(phenylhydroquinone terephthalate), when measured separately, 
exhibits only one CO signal (signal a in Figurel7), four CO signals are 
expected according to the above formula of lIe. However, it was demon
strated in a previous paper that the synthesis of polyanhydrides by the 
"silyl method" involves rapid transacylation [191]. Therefore, two of the six 
CO signals may originate from the corresponding homoanhydrides formed 
according to Scheme 10. Furthermore, three weak CO signals (x, y and z 
in Figure 17) are detectable and they result either from transestcrific.ation 
or from end-groups. Low molecular weight model compounds of the elld
groups, such as 4-acetoxybenzoic acid or rnonomethyl terephthalate, did 
not prove to be useful for reliable assignments. Therefore, the synthesis 
of sample lIe was repeated at a lower maximum reaction tempera.ture of 

t 

... 
aC6H~ -S-o.. -o-ti«~~ 0 
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Figurc 17. 75.4-MHz l3C NMR spectrum of the carbonyl signals of poly(ester 
anhydride) llf measured in CDC.6/CF3COOH (4:1 v/v) [190] 
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250°C and a polymer of lower molecular weight was obtained. Under these 
conditions, the signals of end-groups should be more intense, and signals 
resnlting from transesterification should be weaker or absent. In fact, the 
intensities of signals x, y and z were higher by a factor of 2. This find
ing indicates the absence of transesterification, in agreement with previons 
results [191]. 

2./1/11' Oc-o-co-O-C0-o-0./l/ll' --+ 

./I/II'OC-o-CO-o-C0-o-0-CO./l/ll' + 

>/\IV' °-o-co-o-c0-o-0>/\IV' 

Scheme 10 

It is worth mentioning here that silylated hydroquinone and 4
hydroxybenzoic acid derivatives can easily be prepared by refluxing with 
hexamethyldisilazane in toluene for 2-4 h, followed by distillation under 
reduced pressure [190]. 

(H,<C)."SiO-c-A-C-OSi(CH3 )3+X-C-A-C-X XS'(CH-)) U-A-c-oyII II II II -. ,1 • 3 II II n0 

o	 0 0 0 0 0 
14 15 16 

x = P, Cl
 
14a, 15a, 16a: -A- =(CH2)6
 

b:	 - A- =(CH2)s 
c: -A- =(CH2)JO 

Scheme 11 

The low or even absent solubility of the fully aromatic homo- and 
copolyanhydrides can be overcome by implementation of aliphatic reagents 
according to Scheme 11 [191]. Obviously, when the A-radicals of the sily
lated acid and acid halide diller from each other, copolyanhydrides could be 
prepared. In Figure 18, the 13C NMR spectrum of an amorphous copolyan
hydride, prepared from silylated sebacic acid and isophthaloyl chloride, is 
shown; it is clear that, as a resnlt of interchange reactions (transacyla
tion, acidolysis) the copolymer contains the following sequences in a nearly 
random order: 
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to-cO-O-(CHZ)8-CO,"} 

to-cO-O-(CH')'-CO<-O-CO'cO-co~
 

t 

x 

X'	 y' 

y 

I	 I 

170.0 165.0 160.0 

d in ppm 

Figure 18. 75.4-MHz 13C NMR spectrum of a copolyanhydride 16, prepared from 
t	 silylated sebacic acid 14 and isophthaloyl chloride 15, measured in CDCb with 

internal standard TMS 

Another example of interchange reactions involving 8i-0 groups is the 
synthesis of the so-called "hyperbranched polymers". They are thought 
to have a structure that is intermediate bet.ween t.hose of linear polymers 
and dendrimers. As their name implies, t.hese polymers are also highly 
branched, but their structure is neither regular nor symmetrical, i.e" it 
contains randomly located branched as well as linear units. The synthesis 
of such polymers represent.s one-pot and "self governed" polycondensation 
process of t.rifunctional (A2B type) monomers and has the advantage of 
being much simpler and inexpensive, as compared to that of dendrimers. 
The hyperbranched polymers possess most of the useful properties of deIl
drimers: numerous reactive functional end-groups, high solubility, <l,nd pos+ 
sibly compatibility witb ot.her polymers, low viscosity in solntion, elimi
nated crystallinity, etc. [192J. 

A major problem in the polycondensation of A2B monomers is the oc
currence of undesirable side reactions that lead to t.he formation of cross
links, tlms preventing the preparation of completely soluble hyperbrancbed 
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structures. The first approach to the synthesis of completely soluble ran
domly branched (hyperbranched) polyesters was reported in [193] and used 
later by other research groups [194,195]. It is based on the polycondensation 
of 3,5-bis(trimethylsiloxy)benwyl chloride, 17. A more versatile synthetic 
route was developed later, employing polycondensation of the trimethylsilyl 
esters 18 of a.cetylatecl trifunctiona.l hydroxybcnzoic acids. All studies on 
these systems demonstrated that polycondensation or silylated carboxylic 
acids represents a cleaner process, because these acids do not contain acidic 
protons. Thus the occurrence of acid-catalysed decarboxylation or Fries re
arra.ngement leac.ling to the formation of crosslinks is eliminated to a greater 
extent. 

It is worth mentioning here that the polycondensation of R-C02SiMe3 
with acetylated phenol groups is the only ester-interchange reaction (or 
esterolysis) that does not need a transesterification catalyst at tempera.tures 
higher that 250D C. 

19 

hyperbranched polyesters 

Scheme 12 

Using this approach (Scheme 12), randomly hyperbranched polyesters 
19 [196] and polyamides [192,197] were sllccessfully prepared. In both cases, 
the application of silylated monomers gave better results, in terms of molec
ular weight and solubility of the hyperbranched polymers, than the nOIl
silylated ones. 

The synthetic approach described in [192] is based on the regioselective 
acylation of silylated 3,5-diaminobenzoic acid 21 with 3-acetoxybenzoyl 
chloride 20 (Scheme 13). The silylation of 21 and the distillation of the 
N,N',O-tris(trimethylsilyl) derivative is an effective purification procedure 
for this monomer. Furthermore, the silylation slightly activates the nucle
ophilicity of the amino groups and callses a quantitative acylation, whereas 
the carboxyl group is protected against acylation at moderate temperatures 
« lOODC) in the absence of chloride ions. The clean and almost quantita
tive acylation of 21 by 20 enables the direct polycondcnsation of monomer 
22 without its isolation ("one-pot" procedure, Scheme 13). Hydrolysis of 
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2ClIJCOz--IQLCOCI + 
20 

24 

Scheme 13 

22 yields the crystalline monomer 23 which can be polycondensed as well ... (two-step procedure, Scheme 13). 
In order to synthesize star-shaped polymers with dendritic star arms, 

three tetrafnnctional comononers, 27, 28, and 29, were prepared. As illus
, trated in Scheme 14, the silylated diamine (piperazine 26 in this particular

-1, 

case) was acylated with 3,5-diacetoxybenzoyl chloride, 25. 
Three polycondensations were conducted with the isolated monomer 

...
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25 26 

CH3 C0 2 OCOCH3 

~O~co-rf OH,-CH''N_CO--<O~ 
"CH2-CH2/ 

CH3 C02 OCOCH3 

27 

28 

CH3 C02 OCOCH3 

P-CO-NH-{}tOtO-NH-CO-Q 
CH3 C0 2 OCOCH3 

29 

30 

Scheme 14 

23 and the maximum reaction temperature was varied between 250 and 
280c C. The resulting poly(ester amides) 24 were completely soluble, and 
thus non-crosslinked, when the reaction temperature did not exceed 270C C. 
At a final reaction temperature of 280c C, a polymer fonning gel particles 
was obtained. A similar series of polycondcnsations was conducted with 



.(> 

t 

t 

" 
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the silylated monomer 22. Although this monomer was not isolated and 
purified, completely soluble poly(ester arnides) 24 were obtained up to 
temperatures of 270°C, by analogy with the results found for monomer 
23. However, the viscosity values of the polymers prepMcd from 22 were 
higher. Thus, the polycondensation of 22 is clearly the more attractive 
approach, the more so as it may be conductcel as a "one-pot" procedure. 

In this connection, it is worth noting that the products resulting from 
the "acetate method" on the one hand, and from the "silyl acetate method" 
on the other haud, differ not only in their viscosities but also in their chem
ical structlll'es. 'While their IR and 1H NMR spectra are almost identical, 
the l3C NMR spectra exhibit significant differences, mainly in the region of 
the CO signals, indicating that the products of the acetate method arc in
fluenced by more intensive ester-amide interchange reactions and by more 
side reactions. 

Several polycondensations were conducted by in sit,!' preparation 
of the silylated monomer and subsequent heating with one of the 
comonomers 27, 28, or 29 up to a maximum temperature of 270°C. The 
monomer/comonomer ratio was varied from 30:1 to 60:1 and 90:1. The re
sults suggest that all three comonomers 27-29 were actually incorporated 
into the poly(ester amides) 24 beCiLuse the inherent viscosities increase 
with the monomerI comonomer ratios. The 1H NMR spectra confirm this 
conclusion. This means, in turn, that the copoly(ester amides) considered 
here possess the structure of a star with hyperbranched arms (30). Struc
ture 31 obtained from 22 and 27 conld be an example. Similar results Me 
also reported in [197]. 
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y 

31 

In conclusion, it shonld be mentioned that interchange reactions in
volving Si-O bonds, i. c., employing silylated starting monomers, might be 
very useful in step-growth polycolldensation reactions to produce rather 
complex polymers that are otherwise more difficult or even impossible to 
prepare. 
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3.4. Interchange reactions involving urethane and urea groups 

A great variety of polymers are described by the general term 
polyurethanes. These materials are typically synthesised by the addition 
reaction of an alcohol and an isocyanate group (Scheme 15) [19S]. 

R-NOO + H-OR' ;=' R-NH-OO-OR' 

Scheme 15 

Polyurethanes based on 4,4-diphenylmethanediisocyanate (MDI), 1,4
butanediol (BDO) and polyoxytetramethylene have been investigated in
tensively because of their practical importance. The structure and morphol
ogy of the so-called hard segments, formed by the polyaddition of MDI and 
BDO, has been a topic of major interest. To obtain reliable experimental 
data from which to derive finn conclusions, it waS necessary to synthesise 
strictly monodisperse oligourethanes as model compounds for the hard seg
ments of segmented polyurethanes and as hard-segment precursors for the 
synthesis of model elastomers. 

The following series of oligomers has been synthesised independently in 
several laboratories [199-210]. The strategy of oligomer synthesis included 
t.he use of protecting groups for both stoichiometric and non-stoichiometric 
ratios of the reactants, as shown below. 

with 5> n > 0 

and R=-O-(CH2)4-0H, R' = H (diol), or 

o 

R=-O(CH2)4-0-~-~-o-OH2-<O) 
H 

H 

R'= -?J-~-o-CH2-<O) 
o 

In the synthesis of the above model oligourethanes, the condensation 
reaction (n) between a primary amine and a chloroformate is employed 
[19SJ: 

R-NH2 + R'-OOOOI --t RNH-OO-O-R' (n)
--Hel 
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In fact, the reaction pathway is rather complex due to the neces
sity to isolate and characterise the inLermediate products. Thus, the 4,4'
diaminomethylenebis(benzene) (MDA) is protected by connecting one of 
its NEz groups to a carbobenzoyloxy group (Reaction (0)) to give 32 and 
BDO is converted to 33 (Reaction (p)) [211]. 

H2N-Q-CHr-Q-NH2+ (OJ-CH20-~Cl 
o 

H (0) 

_HCl l (OJ-CH20~-~-Q-CH2{J-NH2 
o 

32 

COCb (p) 
-Hel) (CH3hC-O(CH2)4-0~-Cl 

o 
33 

By reacting 32 and 33 and subjecting the reaction products to a rather 
complex chemical treatment [211] that falls beyond the scope of this chap
ter, the model oligomers 34 are obtained. 

,I, 
,, 

+ 34 
TI. = 0 Lo 7 

In the mono disperse oligourethane synthesis with 4,41-diphenylrnethane 
iminocarbonyloxy uniLs, a special type of urethane interchange reaction 
observed only for these materials should be mentioned. Peculiar DSC ther
mograms and size exclusion chromatography (SEC) of the oligourethanes 
after melting and recrystallisation revealed that the monodispersity had 
been destroyed and a polydisperse oligourethane mixture had been formed 
[199,200,202]. This was demonstrated unambiguously by the diphenyl
methane iminocarbonyl-terminated oligonrethanes, which do not h(1,ve a 

.... reactive end-group; thus the reactivity is given by the urethane group only. 
Starting with the first member of this oligomer series (34, n = 1: i.c., 
a monodisperse material) leads to an oligomer mixLure containing all the 
homologues from n = 0 to 7 (the highest homologue resolved by SEC) 
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