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Activators of the Anionic Polymerisation of Lactams

T.M.Frunze, V.V.Kurashev, V.A.Kotel'nikov, and T.V.Volkova

The influence of the structure of activators on the anionic polymerisation of lactams is examined and a classification of
activators taking into account the chemical nature of the active centres formed and the side products is proposed. An
approach to the specific selection of activating compounds for the regulation of the rate of polymerisation is described
and the possibility, in principle, of employing activators with different functionalities for varying the structure and proper-
ties of the resulting polyamides is demonstrated. Data are presented on the modification of polyamides using macro-
molecular activators of the anionic polymerisation of lactams.
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I. INTRODUCTION

Among the industrial methods for the synthesis of
polyamides, the polymerisation of lactams occupies a
notable place. Thus, one of the most important and
widely used examples of the class of polyamides, namely
polycaproamide, is obtained on an industrial scale mainly
by the hydrolytic polymerisation of € -caprolactam,

When the activating influence of imides, the so-called
activators, on the anionic polymerisation of lactams was
established, the polymerisation of cyclic amides became
even more important. The use of activators in the
anionic polymerisation of lactams led to the development
of a virtually new method for the synthesis of polyamides
and articles made from them—by activated anionic poly-
merisation. By greatly reducing the energy expenditure,
this method makes it possible to obtain articles by chem-
ical moulding involving a “monomer—finished article”
procedure. In view of the absence of the processing
stage, a unique possibility is created for the formation of
large articles of various configurations.

umerous papers devoted to activating systems in the
anionic polymerisation of lactams have been published.
The aim of the present review is to give a systematic
count of accumulated data, to examine the influence of the
chemical structure of compounds of different types on their
activating capacity in the anionic polymerisation of lac-
tams, and to consider the possibility of using activators
for the regulation of the molecular structure of the poly-
amides formed.

II. THE POLYMERISATION MECHANISM

The capacity of lactams of different structures for
polymerisation is determined by thermodynamic and
kinetic factors. It has now been established that the
opening of the amide ring at the heterobond

0
/0 i
HN—C 2 —NH—R—C—
Lpd
is a thermodynamically favourable process for virtually
all the known unsubstituted lactams, although the position

of the thermodynamic equilibrium for each monomer
depends on its chemical structure'. The possibility of
obtaining a high-molecular-weight polymer is determined
not only by the thermodynamic but also by the kinetic sta-
bility of the ring, i.e. its reactivity, The latter depends
on a whole series of factors, among which the following
may be mentioned: the resonance stabilisation of the
amide linkage within the lactam ring, the conformation of
the macromolecules (the presence of cis- and trans-
isoners), the possibility of the formation of intermolec-
ular hydrogen bonds, and the basicity of the monomer ',
In addition, the kinetics of the overall polymerisation
process depend to a large extent on the nature of the cata-
lytic system used.

Being weak bases, lactams form salts when they inter-
act with alkali metals, alkali metal and alkaline earth
m:etal hydrides and amides, and organometallic compounds:
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The anions formed on dissociation of salts catalyse the
polymerisation of lactams,

The following mechanism of the anionic polymerisation
of lactams can now be regarded as established®™'°:

(a) The nucleophilic attack by the anion of lactam (I) on
the carbonyl carbon atom of the monomer (II) results in the
formation of the intermediate carbinolate anion (III), which
is stabilised when the ring is opened with formation of the
N-anion (IV)
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(b) In contrast to the lactam anion, the anion of a
primary amine is not stabilised. The N-anion (IV) is
therefore highly reactive and rapidly reacts with the
moromer, abstracting a proton from the latter. The
driving force of this reaction is the appreciable difference
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between the acidities of the amino- and amido-groups:
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The imide dimer (V) (an N -substituted acyl-lactam) formed
activates the propagation of the macromolecular chain.
The presence of two carbonyl groups linked to the
nitrogen atom in the imide structure leads to a decrease
of the resonance stabilisation of the amide linkage within
the lactam ring (imide mesomerism):
.
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which promotes an appreciable increase of the activity of
the carbonyl group of the cyclic amide in relation to the
nucleophilic lactam anion.

(c) Chain propagation is a reaction between the imide
molecule and the lactam anion followed by a rapid proton
exchange with the monomer, the anion and the terminal
imide group of the growing polymer chain being regener-
ated in each addition step:

OC—N—CO (CH,), —NH, 4+ OC—N-Na* -~
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Figure 1. The rate of the anionic polymerisation of

€ ~caprolactam at 192.6°C in the presence of various
additives: 1) 0.5 mole % of the sodium salt of € -capro-
lactam; 2) 0.5 mole % of the sodium salt of € - caprolactam
and 0. 5 mole % of tetra-acetylhexamethylenediamine '®

The polymerisation of lactams in the presence of alka-
line catalysts takes place with an appreciable induction
period'® (Fig.1, curve I).

Presumably this is associated with the high activation
energy for the formation of reactive compounds having
the imide structure and the introduction of such compounds
into the reaction system should activate the polymerisation
process. Th1s hypothesis has been confirmed by Ney and
Grouther'” and then by Sebenda and Kralitek '**®) who
showed that the use as activators of acyl-lactams, acid
chlorides, ethers, and esters, i.e. compounds containing
the imide structure or capable of forming it on interaction
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with the lactam or its anion, eliminates the induction
period and increases appreciably the rate of polymerisa-
tion of lactams (Fig.1, curve 2).

Thus, in the activated anionic polymerisation of lac-
tams, the initial slow stage involving the nucleophilic
addition of the lactam anion to the cyclic amide molecule
is eliminated. In this case polymerisation begins imme-
diately with rapid interaction of the activator molecules
with the lactam anion, which is followed by the same
intermediate reactions as in the non-activated polymerisa-
tion:

?lj Na* Nat
- 0~ 0
¢ N fast Il |<) Il
“J i (l‘ R— L—N—*—( —N—C | —>
P
C ~ 0/
b
0 Nat

J 0( —NH
=,

— R—-(l—\l(( IH, ),,—‘ OL]

o]

N

0 9 0
e NH(CH,),; 4 4 ‘ e
—> B—C— ~C—N—
| — Na®

[
————— nfg—En(t,H)c] N'(: + l:
N~ Na

The scheme presented shows that the activated anionic
polymerisation of lactams takes place as nucleophilic
polyaddition of the lactam anion to the endocyclic carbonyl
carbon atom of the imide, formed at the end of the growing
macromolecule, One of the characteristic features of the
anionic polymerisation of lactams is the absence of the
elementary chain termination step. Theoretically, the
stepwise addition of the lactam anion to the terminal imide
group of the growing macromolecule can continue until the
monomer is completely exhausted. However, as in poly-
condensation processes, this does not occur because of the
influence of a number of physical and chemical factors,
which include the following: the increase of the viscosity
of the reaction medium, the attainment of equilibrium in
the monomer—polymer system, and the decrease of cata- _
lytic activity. The change in the catalytic activity of the
system during the anionic polymerisation of lactams is
assoclated with numerous side reactions, which have been
examined in detail in the excellent review by Sebenda’.

III. CLASSIFICATION COF ACTIVATORS

It follows from the mechanism of the activated anionic
polymerisation of cyclic amides examined above that the
process activators are compounds having the general
formula (I).

40
X~N—C ,

where X is an electron-accepting substituent. Evidently
the activating capacity of compounds of this type will
depend on the nature of the substituent at the nitrogen atom.
Table 1 presents an estimate of the electrophilic proper-
ties of the substituents X capable of polarising the amide
linkage within the ring. In analysing the data in Table 1,
one should note that electron-accepting substituents func-
tion as a result of the presence of a positive charge on the
key atom (Nos.1 and 2) or in consequence of negative
mesomeric and inductive effects (Nos.3—9). When the



Russian Chemical Reviews, 48 (10), 1979

substituents are halogens (Nos.10-13) or halogenoalkyl
groups (No.14), the strong —I effect is partly compensated
by a weak +M effect. The combination of the two effects
is reflected by the characteristic numerical Hammett (op)
and Taft (o*) constants.

Table 1. Estimated electrophilic properties of the
substituents.
. b- .
Dipole | n.Su% op (substi-
i N . . stituent in :
No. ?::::‘R‘ Electronic formula | Conjugation effect :;o%%tk'igﬂ?éfnd {)‘;’;;;‘; ring)
\(Ref.18) | RTPIITC] (Ref.20)
1 | N(CHa)s 4 CHs —1; —=M; (Hlgy) - 40.859 | 1.90
—N=—CH,
‘\CuJ
2 | NO, »ofl]lté"‘» —I; —M —4.03 | +0.778 | 1.40
a-
3
3 | SOCH, o I —M; (+lgy) | —4.44 | 40.728 | 1.32
4 | CN Bl —I; —M —3.94 | 40628 | 1.30
ot
5 | COCH, il —l; —M —2.93 | 40.516 | 0.60
NCH,
LAALXD
6 | COC,Hs OS(TO=CHy | — M, (Hemy) —1.91 | +0.522 | 0.71
8-¥\ 3+
7 | COOH f:l?@o-n I M ~ aosss| —
3 &t
8 | cHO o=C—n —I; —M —2.75 | 40.216 | —
@t
9 | Gy = —5 —M — | 40.009 | 0.215
10 |F Xk —I; +M —1.57 | +0.062 | 1.10
11 |al —<u —I; +M —1.57 | 4+0.227 | 1.05
12 | Br o —I; +M —1.55 | -£0.232 | 1.00
13 |1 A —I; +M —1.38 | 4+0.276 | 0.85
S ArR A
14 | cF, I —I; M — 0.551 | 0.92
M

When the dipole moments are compared with the
Hammett and Taft constants, one is bound to note a general
tendency for all the electrophilic substituents listed in
Table 1: an increase of the dipole moment corresponds
to an increase of the constants o ando*. The fact that,
despite its large negative I effect, fluorine leads to a
smaller value of o, than chlorine can be accounted for by
its powerful +M effect owing to conjugation with the ben-
zene ring. The outer 2p orbitals of elements in the first
Periods of the Periodic System are known'® to be of
approximately the same size as the 7 orbitals of-double-
bonded carbon. This leads to a more effective overlap of
the orbitals than for heavier substituents (Cl, Br, and I).

It must be emphasised that the characteristics used to
estimate the electrophilicity of substituents refer to sub-
stitution in aromatic and aliphatic series. However, the
above tendency towards a change in the electrophilic prop-
erties of the substituents evidently persists also in the
series of N -substituted lactams. Thus, it can be assumed

that the whole series of compounds having the general
formula (I) containing stronger electrophiles as N -substi-
tuents {Nos.1—4 and 14) than the acyl group (No.5), are
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effective, from the electronic standpoint, centres for the
growth of macromolecules in the anionic polymerisation
of lactams.

A wide series of both organic and inorganic compounds
have been suggested as activators of the anionic polymer-
isation of lactams (see Table 2 below). Several attempts
have been made at a classification of the activating com-
pounds ®*"**2,  The influence of the geometrical and elec-
tronic structures of the above compounds on their activat-
ing capacity hasbeen examined *** and it has been suggested
that activators be divided, on the basis of the nature of
their action under the conditions of the anionic polymerisa-
tion of lactams, into “direct” activators, with an intrinsic
activating capacity, and “indirect” activators, which inter-
act with the lactam or its salt and form the activator,

According to kuzo et al.??, activating compounds of the
type A~ B, where A and B are effective centres of the
activator molecule, must meet the following requirements:

(1) A must be sufficiently electrophilic to combine with
the lactam anion:

_ /0
A~B+RN-C ~ B~ ~A-N—CO

(2) The basicity of B must be sufficiently large to com-
bine with a hydrogen atom linked to the nitrogen of the
lactam molecule and thus regenerate the lactam anion:

B~ ~ A—N—CO - HN—CO — HB ~ A—N—CO + N—CO
[o— — [— [

(3) A must assist in the cleavage of the C—N bond in the
intermediate:

HB ~ A—N—CO |

(4) The structure of A must be sterically favourable for
attack by the lactam anion.

Compounds satisfying the above requirements have
been divided into five types in accordance with their
structure and the types of reactions leading to their for-
mation®*, The active centres of these compounds are
shown schematically below:

N N
(e - :
1. —ﬁ—n — _'ﬁ +B~  A=(C,S B=N,S,0,C; X=0,8
X X
N” N
|
2. —A=B —>» —A—B™— A=C: B=(,N
N
I | _ :
3. —AB— —> —A B A=(C 8 N;B=C, 8N, 0
\N_
—rl’\:B \] A=Ci B=C,N;
4 X_ﬁ_ + N — —ﬁ—}s’ -+ l) X=0.8; Y=C;
z X i 780
_?h_Bv N A=GN
- o = O
5. X—Y~+ N — —A+ B+ y BIGSNW

X=(C,0;Y=Ci2=0,8

The structures of many of the known types of activators
(ethers and esters, N -alkylimides, lactaones, etc.) fit
within the framework of the above requirements. In
addition, Ikuzo et al.?® tested the activating capacities of

- a number of other compounds, in particular a wide variety

of triazine and pyridazine derivatives, azlactone deriva-
tives, and other similar compounds. With some excep-
tions, the above compounds proved to be active under the
conditions of the anionic polymerisation of lactams. On
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Table 2. Classification of activating compounds.

No. Class of compounds Refs. ' Suggested activation mechanism

1 [(a) imides, carbamoyllactams,| 23—41
acyl-lactams

(b) isocyanates, isothiocyanates 42—49 R—N=C=O+—ﬁ—co - RT‘J-—CO——N—CO
L -
(a) carboxylic acid anhydrides| 50—58 - -
2 hatides | %088 | R COX4+R—CO — RCO—N—CO+X
(b) halogenated linear and —I l—

cyclic alkanones 59 | | = | |
Cl—f-—CO—C-Cl+l|\T—~(|:O — CICCOC—N—CO+-Ci-
R ol
(c) organic peroxides 60 Ar—COOOCO—AI‘-}—Il\J—CIO - ATCOO—N—ICO-{-OCO—Af

3 |(a) organic and inorganic acid 17, 60—
esters 0

R—COO—R,—Hﬁ—fO - ﬁ—CO—IIJ—CO—H_)R,
— —l

i 1—| _ —
(b) lactones, thiolactones 81—90 COO(CHl)n+T_CIO - O(CHg),,-CO-—IiI—CO

(c) urethanes 91 RNH—COOR‘+—III—(I:O - RNHCO—{\I—?O-HSR,
4 |2 amides 9299 R—CONR,R.+1‘G—CO »R—co—riz~<io+ﬁRlR,
(b) ureas, thioureas 100—103| RNHCONHR+N—CO — RNHCO—N~—CO+NHR
1\ —
— — T T
(&) carbonylimidazoles 104, 105 (‘:H=CHN=CHI!ICOR+N—(|IO—>RCO—-N—-C\O+CH=CHN=CHN~"
1—! l— _
— —~RCOCR,R,CO—N—CO+NHR
(@) ketoamides 106—108| RCORR;R,CONHR+N—CO— |—1 _
— -»RNHCO—!]I—ICO+RIR,C=C(O)R'
(¢) diketones 109—112 RCOCH,COR1+'I}I—f0 - RCO——N—ClO+ CH,=C(O)R;
5 | nitriles, CN-lactams 113, 114| R—C=N+N—CO — RC(=N)—N—CO (w1n NEC—blI-C‘O FR-Y

NEC—-N—?O'_-f»R"

(b) CN-halides 115 R—C=N+N—co{ _1=
— RC(=N)—N—-CO
| | i -
\ —
(c) dilactim ethers 116 (CH2)xN=C—O—C=N(CHg)y+I\{—Cl0—->
- |
NG~ c0+o—c=N (AH')"
CH,)yN=C—N—
—»( z)x |_—.l of—N'((l:Hz)y
(d) cyanamides 104, 117 NH,—CEN+r\T—lCO — NHz—C(=ITI)—ll\1—0‘CO
— SR
(e) carbodiimides, guanidines, |]18--121 AI'N=C=NAI‘+N—CO—'ATN=C(NAI')—N-CO
imines, iminocarbonates, |——l 1—1
(D) azides 122 R—N=N=N+1lﬁ—co - R—N—N-c\o-;-N,
J— | p—
(g) triazines, pyridazines, 123—-130 || _ .
pyrimidines, benzo- N=CR—N=CR—N=CR+N—CO —> N=CR—N=CR—N=CR—N—CO-
thiazoles l—‘ \ | _
+N-CO VT — |
6 {(a) phosphonitrilic compounds|131, 132 N=PCI,N=pC|,N=PC], ————~ N=PC|;N=PC|;N=PCl—
(PNX2)3 R ——— | _
—T—-CO+CI
—1
alkylhal hosphines, |133—138 - X
O ol Tadogenopmospiites, Ar—PXy =00 — Ar—P 1 4%
phosphines, phosphates, + 11—\ . N—C
phosphorus halides ArPH,+NaN—CO > ArP(H,) (Na)N—CO
o O - - ,0
139 N\p—0—PZ+N—CO - DP—N—C0+86P¢
@ 7208 I D D i S
7 |oxides of Group V1 140—149( O=C=0+N—CO - O=C(0)—N—CO
elements, CO, CO2, CSy I 1 |—-|
the basis of the results obtained, the authors concluded However, one should note the difficulty of effecting the
that there is a possibility of the specific synthesis of classification of activating compounds proposed by Ikuzo

1,22

; by no means all activators can be described by

activators taking into account the above requirements, eta
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the proposed schematic equations (for example, cyan-
amides, CO, CO:, sulphur and phosphorus halides and
oxide halides, dilactim esters, diketones, etc.).

The classification of activating compounds proposed by
Stehlicek et al.?' is based on their chemical structure:

(1) organic and inorganic acid esters and lactones;

(2) carboxylic acid anhydrides and halides;

(3) carboxylic acid amides, nitriles, and cyanamides;

(4) carbodiimides, isocyanates, isothiocyanates,
ureas, urethanes, and guanides;

(5) derivatives of sulphonic and phosphoric acids;

(6) metal oxides and chlorides (Friedel—Crafts cata-
lysts);

(7) other compounds such as fluoro-derivatives, organic
peroxides, carbon disulphide, aromatic nitro-compounds,
aliphatic polyhalides, etc.

In this subdivision of indirect action activators com-
pounds whose interaction with the lactam or its alkali
metal salt leads to activating centres and side products
(alcohols, acids, amines etc.) of different chemical types
are included in a single class. For example, amides and
nitriles, combined in a single class, interact with the
lactam anion to form activating compounds having different
chemical structures; the interaction of isocyanates with
lactams does not lead taany side products, while urethanes,
which belong to the same class according to Stehlicek et
al.”, give rise to alcohols (Table 2).

We attempted to classify activators taking into account
the chemical nature of the activating groups and side prod-
ucts formed. Table 2 includes activators of the anionic
polymerisation of lactams taken from patent literature.
All the compounds have been divided into seven classes,
each class being further subdivided into subgroups in view
of certain differences between the types of the active
compounds formed within each class. Since it is impos-
sible to specify unambiguously the mechanism of the for-
mation of active centres, several versions of the proposed
mechanism are quoted in many instances.

Compounds belonging to the first class are direct action
activators, which form no side products poisoning the
catalytic system and have therefore been considered
separately. Compounds belonging to the second, third,
and fourth classes form active centres with the same acyl-
lactam structure. Despite this, these compounds have
not been combined in a single class, since the side prod-
ucts formed differ in their chemical nature. Among com-
pounds of the fifth class, the active species produced
contains a group in which the nitrogen of the lactam ring
is linked to an unsaturated system:

—C—N—CO
i —
-
Characteristic side products are not formed for compounds
of the fifth class. Phosphorus-containing compounds,
forming active centres on interaction with the lactam or its
anion, have been combined in the sixth class:

(o]

Y
NpN—CO >P~N-CO

s

They give rise to acids as side products. The oxides of
Group VI elements, CO, CO:, and CS; have been assigned
to the seventh class.

Thus, the classification which we propose for activators
takes into account not only the nature of the active centre
formed but also the nature of the side products, which
have a significant influence on the rate of the anionic poly-
merisation of lactams. Thus alcohols, amines, acids,
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and other products arising on formation of the activating
compounds lead to many side reactions, which poison the
catalyst; among these, mention should be made of the
decrease of the alkalinity of the system, the condensation
of the aldehydes formed, the aminolysis of the reaction
products, etc.

IvV. THE INFLUENCE OF THE CHEMICAL STRUCTURE
OF ACTIVATING COMPOUNDS ON THEIR EFFICIENCY

The influence of the chemical structure of activators on
the rate of the anionic polymerisation of lactams has been
considered in the literature mainly in relation to com-
pounds of the acyl-lactam type. According to modern
ideas *7'° in the ground state of an N -substituted acyl-
lactam the free electron pair of the nitrogen atom of the
lactam ring can be involved in a resonance interaction
with two neighbouring carbonyl double bonds (imide
mesomerism),

o o
Poo 13

RA/CiN-2

which leads to the formation of two mesomeric forms:

o 0 o o
. .
R~C=N—C = R~C—N C

L

Such a resonance system can evidently be regarded as

conjugated:
RN(IJIT—'NE‘;——
i !

[e)

In the conjugated system the electron density in the endo-
cyclic amide bond is reduced compared with a stabilised
(also by resonance) lactam molecule. Evidently the elec-
tron-accepting properties of the group R tend to increase
the polymerisation of the imide group in the direction of
the electrophilic substituent, facilitating thereby the
nucleophilic attack by the lactam anion on the increased
positive charge of the endocyclic carbonyl group.

In order to elucidate the influence of the structure of a
substituent at a nitrogen atom, measurements were made
"¢ of the rate of addition of pyrrolidinonatomagnesium
bromide (MgBr'I\LI_:JCO) to N -substituted pyrrolidinones in

tetrahydrofuran (TH¥) solution at 25°C. The addition
rate constants obtained are given below:

-~
+CoH,CON - CO

— C4H{CON (CHy), CO—N—CO (k - 9.5 - 107* litre mole™" s7!

SCILCON_ €0 . CH,CON (CH,), CON—CO (¢ 2.8 - 107 litre mole™ s71)
N—co—

— HN2CO  NH— (CHp), CO—N—CO (¢ 3 - 107 litre mole™ s71)

____#CHWN-CO ey N_C(0)--N—CO (&~ 5 .10~ litre mole™'s71) ,

This method of estimating the activating capacity is in our
view most correct, since it makes it possible to determine
the differences in the influence of substituents in the very
first stages of the interaction where the difference is most
marked. Benzoylpyrrolidinone is more reactive than
acetylpyrrolidinone, as can be seen from the addition rate
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constants, which is probable due to the lower electro-
negativity of the acetyl group compared with the benzoyl
group. For N-methylpyrrolidinone, one should expect a
a lower value of » than that obtained, since the inductive
effect of the CHs group acts in the opposite direction.
However, the fact that in this instance the ring is not
cleared constitutes, according to the authors '*°, evidence
demonstrating that compounds of this kind cannot be used
as activators. The reaction of o -pyrrolidinone with its
anion leads to polymerisation, despite the fact that the
amine anion HN—(CH.),CON-CO is not stabilised, as in
[
the case of N-methylpyrrolidinone. The low addition rate
constant explains the long induction periods in the non-
activated polymerisation of lactams.

Table 3.
ence of N -acylcaprolactams as activators at 155°C.

Polymerisation of € -caprolactam in the pres-
151 *

. Yield of | Logarithmic
Acyl group Ha_rdemng polymer, viscosity,
time, s % dlg‘l**
CH, -CO— 138 100 0.74
C;H, - CO— 338 90.0 0.6%

@(:u— 625 81.6 0.65
= 1520 18.3 0.52
cu]fx@m;

Cy6Hy3—CO— does not 4.5 0.25

harden

*The percentage ratio of the activator and catalyst was
1.0:4.2.
**The viscosity was determined in a 0.5% H.SO, solution
at 25°C.

Scelis et al, ' synthesised a number of N -acylcapro-

lactams, the acyl groups of which had different electro-
negativities (acetyl, butyryl, benzoyl, and p-methoxy-
benzoyl). The authors assumed that N -acyl-lactams
having substituents with the most marked electron-accept-
ing properties should exhibit the highest activity. How-
ever, the results (Table 3) showed that the size of the
substituent has the dominant influence on the rate of the
anionic polymerisation of lactams. The highest activity
is manifested by N -acylcaprolactams with the smallest
acyl groups. The effect associated with the electron-
accepting properties of substituents is shown, according
to authors *', to a much smaller extent.

We believe that an estimate of the activating capacity
on the basis of parameters such as the time of the onset of
thickening, the degree of conversion, and the logarithmic
viscosity of a dilute polymer solution is not altogether
correct. It follows from the polymerisation mechanism
that acyl groups exert the greatest influence on the reac-
tivity of the carbonyl moiety of the imide group of the
lactam in the first steps of the addition of the lactam
anion.

Stehligek et al.'®® investigated the influence of the
structure of the acyl group on the rate of anionic polymer-
isation of € -caprolactam by measuring the initial rate of
polymerisation at a rigorously defined temperature (100°+
0.2°C) and a concentration of the catalytic system of 0.2
mole %. The relative activating capacity was estimated
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from the time of the appearance of turbidity in the poly-
merising system and the following data were obtained for
a number of N-acyl-lactams:

Group

! . CyH, CHy CgHy CgHg CH,OCH,
Time, min —1

CH;3
13.8—14.5 14,3 17.2 14.7 14.1-16.3 16.5—17.2

It was noted that anionic polymerisation activated by alkyl-
imides obtained from aromatic carboxylic acids is much
faster in the first seconds than in the presence of aliphatic
acyl-lactams, but 30 s from the start of polymerisation
the two rates become virtually equal.

Falkenstein and Dorfel ® obtained disubstituted carba-
moyl-lactams and esters of lactam-N -carboxylic acids
via the mechanism

cHgCHy | Rin
NClys o/
.

Ry +
“\NCOC! 4- HN—CO NCO—N—CO + [R;NH] CI~

R,

2

CICO—N—CO 4 HOR — ROCO—N—CO + HCI
[ R

Examples of both classes of compounds proved to be
effective activators of the anionic polymerisation of
lactams at 120—150°C, and it was possible to vary the
activating capacity of disubstituted carbamoyl-lactams
and lactam-N -carboxylic acid esters within wide limits
by the introduction of specific substituents. In order to
estimate the efficiencies of the activators obtained, mea-
surements were made of the time from the instant of mix-
ing of the reagents to the onset of thickening and the results
were compared with the basicity constants pKy, of the
secondary amines used to obtain, N,N -disubstituted
carbamoyl-lactams (Table 4).

Table 4. Dependence of the rate of polymerisation
(thickening time) on the chemical structure of disubstituted
carbamoyl-lactams®,

! Thickening

Thickening [pKy, for T 1 pKp, for
Activator dme, min | jnjtjal Activator time, min initial
1200 | 1500 | AMin€ 120° | 1500 | 2N
|
CH, 0Oy G 4
N« — — 0.5 |
NEC—L N—C—Ls | 3.8 | 0.94 | 10.5
cH” 3 / 5
H

o3
Ol@-(l,!—«las - — |09 CHy (|)
M-l | 18505 | 13.4
cnd @ a0 10 | 4.3 |8.0

v 12
/N C—Ls

O
N_IL
@ﬂ. s 7.8 |25 |91 K—C-iLs 1.45 ] 0.4 |14.4

CHy
191 Q

¥ S

‘—Q N'ﬁ—ﬁ—l-s 7.2|1.8 |92 %—E—Lﬁ* 11 o2 |14

*Ls = @ -pyrrolidinone.
** 1,7, = € -caprolactam.
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It follows from Table 4 that the activating effect of the
compounds under consideration depends significantly on
their chemical structure. Carbamoyl-lactams with ali-
phatic or alicyclic substituents at the exocyclic nitrogen
atorma (N ,N -dimethyl, piperidinyl) do not activate the
anionic polymerisation of lactams at all. The introduction
of phenyl substituents leads to the appearance of an
activating capacity in carbamoyl-lactams. This influence
of the pheny! substituent is attributed® to the increase of
the polarisation of the carbamoyl-lactam under the influ-
ence of the benzene ring in consequence of its negative
inductive and mesomeric effects.

7 N\ ¥
O B
N—C¥XN—oC3
7 N\ [—

The rate of polymerisation depends both on the number
of phenyl substituents and on the nature of the substituents
in the benzene ring (if such are present),

In lactam-N -carboxylic acid ester

X—0—CO—N—CO
—

the activating effect diminishes with increase of the elec-
tronegativity of the substituent X (Table 5). It is
believed® that the cause of this may be that the electro-
negative substituent X opposes the involvement of the
polar structure in the mesomerism of the carbonyl group:

>CT§ > >(‘:~§“
Thus the C...O bond order increases and the absorption
band of the carbonyl group undergoes a bathochromic
shift, as can be seen from Table 5. This corresponds to
a decrease of the polymerisation of the amide bond in the
lactam owing to the inductive effect, which leads to a

weakening of the activating influence of the electronegative
substituents.

Table 5. Dependence of the rate of polymerisation
(thickening time) on the chemical structure of lactam-N -
carboxylic acids®.

Thickening ,
time, min vCo-

-1
120° | 1500 | €M 128> | 150°

Thickening
Activator Activator time, min veo:

CICH,—0—CO—L3 1726 | CeHsCH,—O—CO—Ls H

- coe | LsCO—0-—(CHy)—
FCH,—0-CO—Ls | — | — | 1725 | LsCO—¢ 2)s
CH,CeH—O—CO—Ls | — | — [4725 | .79—COLs -

C,Hy—O—CO—Ls 1.4 ] 0.45 | 1717

sH;—0—CO—Ls 4.5 1 0.5 | 4718 | Eeh_O(CHy)e—0— | 1.4 | 0.1 | 1710
CHy—O0—CO—L% 14103 ZCoLs
CH,~CH—CH,—O— | 1.3 | 0.3 | 1720 | L7CO—O{CHy),—0— | 1.0 | 0.09 | 1708-
—COLs —CO—Lg

*Ls = e -caprolactam,
**],; = n-caprinolactam.

Unfortunately Falkenstein and Dorfel ® did not investi-
gate the activating capacity of lactam-N -carboxylic acid
esters as a function of the concentration of the catalyst;
nor are data available about the isolation of any inter-
mediates in the polymerisation process. The authors®
explanation of the mechanism of the action of activators of
this kind is therefore not sufficiently well founded. In all
probability the activating effect of lactam-N -carboxylic
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acid esters should be sought in the possible interaction of
the latter with the lactam or its anion (by analogy with
carboxylic acid esters—see Table 2):

R—0—CO—N—CO + N—CO —~ CO—~N—CO—N—CO+RO~,
s i = -

which leads to the exhaustion of the alkaline process cata-
lyst. The acidity of the alcoholic residue will then play
the main role in interaction with the process catalyst.

conversion, mole traction .

time, h

Figure 2. Time variation of the degree of conversion in
the anionic polymerisation of € -caprolactam at 130°C;'*°
[NaH]=10.0067 (mole fraction): 1) N -benzoyl-¢-capro-
lactam; 2) diisopropylcarbodiimide; 3) phenyl isocyanate;
4) N -acetyl-€ -caprolactam; 5) 1,3-diphenylurea;

6) 1,3-diethylurea; 7) n-butyl acetate.

Stehliek et al,”' showed in relation to a large class of
compounds used as activators that, when the activating
compounds interact with the lactam or its anion, the side
products formed have an inhibiting influence on the rate
of anionic polymerisation of lactams., Among the large
number of compounds proposed as activators, only
N -acyl-lactams and the products of the interaction of
mono- and poly-functional isocyanates with lactams have
therefore been widely used hitherto '*%'%%,

It is noteworthy that the conditions in the polymerisa-
tion of lactams have an appreciable influence on the nature
of the action of activators of both direct and indirect types.
A study '*® undertaken to estimate the relative activating
capacities of various compounds used in the anionic poly-
merisation of lactams is of definite interest in this con-
nection. Figs.2 and 3 present kinetic curves for the
variation of the degree of conversion with time in the
presence of various activators of the anionic polymerisa-
tion of € -caprolactam at 130° and 180°C. It is seen that
the activating capacity of benzoylcaprolactam is higher
than that of acetylcaprolactam, particularly at low poly-
merisation temperatures. The reaction of phenyl iso-
cyanate with € -caprolactam takes place with formation of
phenyl-substituted carbamoyl-¢ -caprolactam

7 N N
Q >—NHCO—N—-CO
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by direct addition without the isolation of side products.
Despite the intermediate stage, the initiation reaction is
in this case (both at 130° and 180°C) appreciably faster

than in the reaction involving acetylcaprolactam.

conversion, mole fraction

YRR S S B

F O R S B T T S

o ! 2 I

time, h

Figure 3. Time variation of the degree of conversion in
the anionic polymerisation of € -caprolactam at 180°C;'®®
{NaH] = 0.0067 (mole fraction); mole fraction of activator
0.0067: 1) diisopropylcarbodiimide; 2) N-benzoyl-¢ -
caprolactam; 3) phenyl isocyanate; 4) N -acetyl-€ -capro-
lactam; 5) 1,3-diphenylurea; 6) 1,3-diethylurea;

7) n-butyl acetate.

syn. -Ureas are known *>' to decompose at high tempera-
tures to isocyanates and amines. The reduced effect of
activators of this kind is determined by the basicity of the
amined formed. In the case of aniline the free electron
pair of the nitrogen atom is stabilised by the —/ and —M
effects of the benzene ring and the basicity of the amino-
group is reduced. sym -Diphenylurea is therefore a more
effective activator than 1,3-diethylurea, particularly at
low polymerisation temperatures.

n-Butyl acetate gives rise to a longer induction period
both at 130° and at 180°C. However, at the higher poly-
merisation temperature in the presence of n-butyl acetate
it is possible to attain a high degree of conversion, com-
parable with the values obtained in the presence of
N -acetyl-¢ -caprolactam. When the n-butyl group is
replaced by the t-butyl, phenyl, or isopropyl group, the
activating capacity of the ester increases?.

According to Stea and Gechell '*®, diisopropylearbodi-
imide has a high activating capacity over the entire tem-
perature range. Its activating influence can be accounted
for in two ways: by the interaction of the carbodiimide
with an acid hydrogen atom (traces of water), leading to
the formation of sym -dialkylureas '*®, or by the addition to
the carbodiimide of the lactam or its anion with formation
of a polar substituent at the lactam nitrogen *'.

The fact that alcohols, which were usually regarded as
inhibitors of the polymerisation of lactams, behave at the
same time as its activators is of special interest. The
use of alcohols as activators of the anionic polymerisation
of lactams was first reported by Cefelin et al.’®” and then
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Mermoud *® used triethylene glycol as the activator and

obtained a product with a high degree of polymerisation.
The problem of the use of alcohols for the activation of the
polymerisation of lactams was investigated in detail by
Sekiguchi'®®, His results show that activation under the
influence of alcoholic hydroxyl is due to the imide groups
formed as a result of the esterification (decyclisation) of
the lactam molecules:

o-
_ f
HN—CO -+ 0 (CHCH,0), H — [HN--C—0 (CH,CH,0), H] -

o]

HN=CO i —
N HLN (CH),, C—O (CH,CH,0), H - N—CO —
A

o
I -
— H,N (CH,),—C—N—CO +0 (CH,CH,0);, H
P

Sekiguchi® established experimentally that the activating
capacity of alcohols depends to a large extent on the acidity
of the alcoholic hydroxyl. Apart from triethylene glycol,
an activating capacity is shown, according to his data, by
diethylene glycol, l-octanol, tetradecanol, s- and t-butyl
alcohols, etc. We believe that, on the basis of Seki~
guchi’'s mechanism of activation, alcohols should be
regarded as catalysts of the anionic polymerisation of
lactams, since the growing polyamide chain does not con-
tain an alcoholic radical.

Table 6. The direction of the growth of macromolecular
chains in the anionic polymerisation of € -caprolactam in
the presence of mono- and poly-functional activators '*",

Schematic illustration

of the direction of the

macromolecular chain
growth

Functio-

Structural formula §
nality

Activator

CH,—CO-—N—CO t

—1 ——r
! ‘ 7\ -
C~NCO~< —CON—

0 — ' g
CO—NCO— " N —CON-CO 3 \s/
[

|
CO--N—CO

N-Methacryloyl-e- CH,:=C—-CO--N—CO >3
caprolactam | ! |
CH,

N-Acetyle-caprolactam

N,N'-Isophthaloyi-bis-
e-caprolactam

oO—
e

]

N,N' N"-Trimesoyl-ter-
e-caprolactam

V. THE INFLUENCE OF THE FUNCTIONALITY OF
ACTIVATORS ON THE MOLECULAR STRUCTURE CF
THE POLYMERS FORMED

The activators of the anionic polymerisation of lactams
not only accelerate the polymerisation process but also
constitute an effective means for the specific regulation of
the molecular structure and hence of the properties of the
polyamides formed *2®21%971%6,

The majority of the activators considered above con-
tain one functional group which ensures the activation and
growth of the polymer chain in one direction and this leads
to the formation of polymers having a predominantly linear
structure. The use in the polymerisation of lactams of
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polyfunctional activators, i.e. compounds containing
several activating functional groups in their molecule,
leads to the formation of polyamides of “star” or “comb”
type '®*'®",  Thus the direction of growth and the number
of growing chains of the macromolecules are related to
the disposition and number of the functional groups in the
activator molecule. This is illustrated schematically in
Table 6.

However, one should note that the polyamides obtained
in the presence of monofunctional activators are not linear
polymers in the strict sense of the term. It is known'®’
168=170 that the synthesis of polyamides is accompanied by
side reactions leading to the formation of polymers with a
low degrece of branching. The degree of branching of
these polyamides is determined in the study of their
molecular weight distribution '*'**'®* and from end group
analysis '7®'™, It was shown that the number of end
groups in the polyamide macromolecules formed in the
presence of a monofunctional activator is greater than
two "™ and that the molecular weight distribution in such
polyamides is broad owing to branching reactions occur-
ring at late stages of the process'® %%,

The molecular structure of the polyamides obtained in
the presence of polyfunctional activators is more complex.
In this case the branching of the polyamides is caused, on
the one hand, by the functionality of the activator (Table 6)
and, on the other, it is due to the same side reactions
which occur also in the formation of polyamides in the
presence of monofunctional activators. In the presence
of polyfunctional activators the products are polyamides
containing, apart from soluble macromolecules, also
ingoluble macromolecules *?*'% 7% " which is associated
with the three-dimensional structure of the latter '®?%%'™,
In a study of the molecular structure of soluble specimens
of polycaproamide in the initial stages of the polymerisa-
tion (up to the instant of gel formation) Pavliova showed'®
that the test specimens contain two groups of fractions—
with higher and lower degrees of branching. The molec-
ular weight distribution obtained by Pavlova et al.'® from
fractionation data revealed the presence of two maxima
corresponding to narrow and broad distributions. The
narrow distribution was explained by the presence in the
polyamide chain of macromolecules with non-random
branching due to the polyfunctionality of the activator,
while the broad distribution was attributed to the presence
of macromolecules with random branching '®, The pres-
ence of the above two molecular structures in the poly-
amides formed—with random and nonrandom branching—
can probably be explained by the occurrence of side
reactions during the formation of the polyamides.

The reactions which can lead to branching under the
conditions of the activated polymerisation of lactams can
probably also lead to the formation of cross-linked macro-
molecules. Wichterle'”® and Sebenda '™ showed in model
reactions that in an alkaline medium the imide groups of
the compounds undergo the Claisen condensation when the
o -carbon atom in the molecule is linked to at least one
hydrogen atom:

—CONCOCH,— - B~ == —CONCOCH + HB
| !
—CONCOCH 4+ —CONCO— == —CONCOCHCO— + N—CO—
| | (. |

The N -acylated g-ketoacid amides (ketoimides), formed
as a result of the above reaction, can react with the
growing acyl-lactam centres and can lead to the forma-
tion of ketoimides of various structures'™*'"®, When
cyclic ketoimides interact with the lactam anion, they
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can be converted into ketoamides '"®:

—~COCHCON—CO + N—CO == —COCHCONRCON—CO
| - ! —

Both ketoamides and ketoimides, containing reactive

groups (>C=0, —CH.—, ~(IZH—) can lead to a large

number of different compounds under the conditions of the
anionic polymerisation of lactams, particularly to
hydroxypyridine and uracil derivatives'”®, which can
serve in their turn as centres for branching and cross-
linking in the polymers produced.

Wichterle and coworkers'”"'"® and Sebenda ’ suggested
that the branching of macromolecules in the anionic poly-
merisation of lactams can be caused by reactions of the

type

I 4 ~CO—N—CO & ~ CO—N ~
~N [
CORNCO ~
~C0 ~ CON ~
[+ N~ )
~N- co
o ~ !

4 HN- ~

in addition to the side reactions mentioned above.

The above results indicate the possihility of branching
and cross-linking in polyamides when the anionic poly-
merisation of lactams is carried out in the presence of
monofunctional and polyfunctional activators. However,
when the polymerisation of € -caprolactam was performed
in the presence of monofunctional activators (with differ-
ent proportions of the components of the catalytic systems
and at different concentrations) the formation of insoluble
polyamides was not observed. Thus the above literature
data do not fully explain the cause of the formation of
cross-linked polyamides in the presence of polyfunctional
activators.

Frunze et al.” ™ relate the cause of the formation of
cross-linked polyamides to the presence in the growing
polyamide macromolecules of terminal acyl-lactam
groups capable of reacting with the amide groups of other
macromolecules. They showed, for the model reaction
of a polyamide (G-669) with mono- and poly-functional
activators, simulating the reactive end-groups of the
growing polyamide chains, that the reactions of the poly-
amide with monofunctional activators lead to the formation
of N -substituted polyamides only:

172

~ CON ~

[
|

~ CON ~ + RCO—N—CO—

(| ~ CO—N ~

~ 1 ~CON~  _

. 0—C—N—CO | — | +N—co
b llz |- |

~ COI\’E ~
CORNCOR

while the reactions of the polyamide with bifunctional
activators result in the formation of cross-linked poly-
mers:
~CON ~
(IIORNCOR’CONRCO
~CO—N ~

~ CON ~ 4- CO—NCOR'CON—CO + ~ CON ~—
! ! ~ CON ~
= CIOR’C’O + 2‘N—clo
~ CON ~

It was shown later '™ that pathways a and b of the above

reactions depend to a large extent on temperature.
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The literature data concerning the study of the molec-
ular structures of polyamides, which were examined above,
permit the conclusion that in the presence of monofunc-
tional activators the products are linear polyamides with
a low degree of branching, while in the presence of poly-
functional activators partially cross-linked polyamides
with random branching are formed, the degree of branch-
:ng i{lﬁgreasing with increasing functionality of the activa-

ors .,

N,N’-Acylbislactam (N,N’-isophthaloyl-, N ,N’-tere-
phthaloyl-, N,N’-adipoyl-, and N,N’-sebacoyl-biscapro-
lactams) were first used as bifunctional activators by
Korshal et al.'®° in the anionic polymerisation of € -capro-
lactam. They established that, depending on the concen-
tration of the catalytic system, soluble or insoluble poly-
amides are formed and that, when a mixture of the above
acylbislactams with a monofunctional activator in different
proportions is used, itis possibletoregulate fairly readily
the molecular weight of the polymers produced °°, N N’-
Diacylbislactams have now found extensive applications in
the activation of the anionic polymerisation of lactams **’
109114 - pijsocyanates ® 7718 in the presence of which
soluble polyamides with a high strength are formed, are
widely used as bifunctional activators.

N,N’,N"-Trimesoylter-¢ -caprolactam, in the presence
of which polyamides with randomly branched and partly
cross-linked structures are formed, was used for the
first time as a trifunctional activator for the polymerisa-
tion of € -caprolactam ®**, It was shown ' that the
polyamides obtained in the presence of the trifunctional
activator are more elastic and have a higher impact
strength than the polyamides obtained in the presence of a
monofunctional activator.

Muller '® suggested that cyanuric chloride be used as
anactivator of the anionic polymerisation of ¢ -pyrrolidinone.
According to the author, three chlorine atoms in cyanuric
chloride are substituted by a-pyrrolidinone and the result-
ing triazine derivative of @ -pyrrolidinone act as an effec-
tive trifunctional activator of the anionic polymerisation of
the lactam.

The use of acyl-lactams containing unsaturated groups
as activators of the anionic polymerisation of lactams is
of great interest. Such activators include N -meth-
acryloyl-e -caprolactam *''**'%* Formally, N -meth-
acryloyl-¢ -caprolactam can be classified as a monofunc-
tional activator, since its molecule contains only one
imide functional group. However, the polyfunctional
nature of this activator is manifested in the course of the
polymerisation of lactams, as can be seen from the poly-
merisation mechanism '%7°%%

CH, CH,

\ _ o
CH,+:C—CON—CO + N—CO — CH, - C—CONRCON—CO —

CH,
+HN—CO | _
__ Al _,CH, C—CONHRCON—CO -+ N—CO—»
\

B |

CH,
+HN—CO

] —
—-—CHz-—C~CONHRCON—C|O + N——(‘EO PR S S
! I \—

CH,
|

o~ [CHZ—c—co (NHRCO),‘] ~T—clo
i n

It is noteworthy that N -methacryloyl-¢€ -caprolactam
does not polymerise in the process involving the double
bonds via either a radical or an ionic mechanism '*?, The
adduct N -methacryloyl-(e ~-aminocapryloyl)- € -caprolactam,
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formed as a result of the first step in the polymerisation of
€ -caprolactam, polymerises via the double bonds, which
leads to the formation of a polyfunctional activator '627'¢%'#3

As in the presence of the trifunctional activator N,N/,N"-
trimesoylter-e€ -caprolactam, in the presence of N -meth-~
acryloyl-€ -caprolactam the products are insoluble poly-
amides whichare randomly branchedand partly cross-linked
polymers with high strength. Table 7 shows that the
physicomechanical properties of the polyamides depend on
the functionality of the activator used. The impact strength
of the polyamides synthesised using polyfunctional activa-
tors is much higher than that of the polymers obtained with
N -acetyl-€-caprolactam.,

Table 7. Certain physicomechanical characteristics of
polycaproamide obtained in the presence of activators

with different functionalities relative to lithium Kapron B
1624163,184

?““:‘c"t of [ Ultimate strength, kgt cm2
:  fraction in- Specific impact
Activator s soluble in on static’ an com- strength, kef
”COt(Z'H. bending pression cm2
wit.
N-Acetyl-e-caprolactam 0 1300—1500 1100 100—150
N, N'-Isophthaloylbis-e- 0 1200—1400 1100 250—350
caprolactam does not
NN N”-Trimesinoylter- 60—70 1200—1400 1000 break
e-caprolactam 40—50 1400—1500 — does not -
N-Methacryloyl-e- break
caprolactam 0 900 — 150—170
Kapron B

Thus the data examined above permit the conclusion
that the functionality of the activators has a significant
influence on the molecular structure and properties of the
polymers formed.

VI. MACROMOLECULAR ACTIVATORS CF THE ANIONIC
POL YMERISATION OF LACTAMS

The use of polymeric molecules of different chemical
types, containing acyl-lactam, isocyanato-, acid chloride,
cyano-, and certain other functional groups, as activators
of the anionic polymerisation of lactams leads to the for-
mation of graft and block copolymers. This leads to the
possibility of a specific regulation of the properties of the
polymeric materials formed. Depending on the positions
of the activating groups in the macromolecular chain of the
activator, graft or block copolymers are produced. Thus
Wichterle and Gregor '** grafted € -caprolactam to a
copolymer of styrene and N-methacryloyl-€ -caprolactam
containing acyl-lactam groups:

— CH,
: { NHoco N
~ CH%"?H—CHZ_(]: ~+“H"(|‘O toluene
7N\ ¢=0
(] o
N/ [(lho.n
CH.
l e :
-~ lom—ci—an—¢ |, :

N—(CHp)s—C
H

(el
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Korshak and coworkers'®™'® developed a method for the

copolymerisation of styrene with € -caprolactam in bulk to
aid the chemical moulding of large articles. According
to this method, in the first stage styrene undergoes radical
copolymerisation with catalytic amounts of N-methacryloyl-
€ -caprolactam in solution in € -caprolactam. In the second
stage € -caprolactam is grafted to the macromolecular
activator formed in the reaction mixture. The authors
showed that an increase of the content of polystyrene units
in the copolymer greatly increases the water resistance

of the material but its strength (particularly the specific
impact strength) decreases.

Graft copolymers have been obtained '™ by the anionic
polymerisation of € -caprolactam in the presence of a
copolymer of styrene with ethyl acrylate, the ester group
of which activates the polymerisation of the cyclic amide:

CH,—CH~ CHy—CH

- I +NH—CO
/ ¢eo | ~—lto
(] L
N "
-~ ( CH,—CH—CH,—CH} -+ mCH,0H
A

[ OC—" [NH— (CHy)5—CO),, ~

\/”

If the styrene—ethyl acrylate copolymer contains more
than 1 wt.% of ethyl acrylate, a cross-linked insoluble
product is formed, which the authors '*° explain by the
presence of a tertiary carbon atom in the @ -position rela-
tive to the ester group.

The grafting of @ -pyrrolidinone '*' and € -caprolactam '*?
to poly(acryloylchloride) has been described:

[—-CH,—CH-—]
coct

n

It was noted that fibres and films with a high strength can
be obtained from the graft copolymers of acrylic acid with
€ -caprolactam and « -pyrrolidinone thus synthesised.

The use of acyl-lactam, acid chloride, isocyanato-,
and other groups at the ends of macromolecules of differ-
ent chemical type for the activation of the polymerisation
of lactams in order to obtain block copolymers is known.
In this case block copolymers with the structure A-B—A,
in which the two outer segments A are polyamide units
and the inner segment B is some other polymer, are as a
rule obtained. The molecular weight of the inner seg-
ments and the ratio of the macromolecular activator and
the lactam giving rise to the polyamide units of the outer
segments vary within wide limits, which makes it possible
to vary also the properties of the block copolymers. The
use of polyethers and polyesters '**7'°¢ polythioethers '*°,
Eolycarbonates’%, polybutadienes , polystyrene *"
200-202 © olysulphone *°°, and polyamides of other chemical
types *®*~2% as the inner segments of block copolymers
has been reported.

For example, a method has been described for the
synthesis of block copolymers '*® by treating poly(propyl-
ene oxide) with 2,4-tolylene diisocyanate,

OCNArNCO CH,(‘:HO]

CH;

197—1‘59

—CONHArNCO

- OCNArNHCOO—[
n

HO—[CH,C!HO] ~H
s n
and subsequent polymerisation of € -caprolactam in the
presence of the resulting polymeric activator. It has
been pointed out '*® that, apart from polyesters and poly-
ethers, polythioethers, polyamides, and polycarbonates
containing the following terminal functional groups can be
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used as the internal polymeric segment in the synthesis of
block copolymers:

—COCI, CSCl, —SO,Cl, —0COoCl, >C* C= 0, —N=C= 0O etc

€ -caprolactam, £ -oenantholactam, n-caprinolactam,
w-dodecylactam, and their C ~substituted derivatives have
been used as the lactam components.

According to another procedure '°®, the terminal car-
boxy-groups of poly(ethylene glycol) are initially converted
into acyl chloride groups by reaction with thionyl chloride
in solution in xylene and then into acyl-lactam groups as a
result of reaction with € -caprolactam in the presence of
pyridine:

HOOC— [CH,CH;0],, —CH;CO0H —2¢k
=\

NH—-CO

— CIOC—[CHyCH,0] — CH,COCI —

- ocrN_co [CHCH,0],, CH,CO— rlwco

The compound obtained is used as a macromolecular
activator of the anionic polymerisation of € -caprolactam.
The block copolymer formed has antistatic properties
which are improved compared with those of polycapro-
amide.

Jamashita et al.'®* used poly(tetramethylene glycol)
with terminal chloroformate groups, obtained by treating
the terminal hydroxy-groups with phosgene, as the poly-
meric activator of the anionic polymerisation of o -pyr-
rolidinone and € -caprolactam. As polymerisation pro-
ceeds in the presence of the above polymeric activator,
the authors observed an increase in the degree of conver-
sion of the lactam and an increase of the intrinsic vis-
cosity of the block copolymer formed. A linear relation
was observed between the logarithm of the intrinsic vis-
cosity and the logarithm of the degree of conversion of the
lactam, which indicates, according to the authors '™, the
absence of a chain termination reaction. The compara-
tively low concentration of the polymeric activator (2—4%)
indicates a fairly high efficiency of poly(tetramethylene
glycol) bischloroformate as an activator of the polymer-
isation of lactams.

Lincoln ** used the reaction of the terminal amino-
groups of the mixed polyamide 6/66 with N ,N’-acylbis~
lactam in order to obtain a polymeric activator for the
synthesis of a block polyamide:

NH; ~ [NHRCONHR’NHCOR'COJ,, ~ NH, ?O—- .‘\'—-COR’”CON—CO -
— CO—N—COR"CONH ~ [NHRCONHR' NHCOR"TO]A ~ NHCOR”'—C_ON—CO

Polystyrene with terminal N -acylpyrrolidinone groups
, synthesised by the radical polymerisation of styrene
using 4,4’'-azobis(pyrrolidinono-4-cyanovalerate) as the
initiator, proved to be an effective activator of the poly-
merisation of ¢ -pyrrolidinone:

201

CO—N-—COCH,CH,(ll (CH;)—N=N—C (CHj) CHyCH,CON—CO

CN CN

The linear increase of molecular weight with increasing
degree of polymerisation of ¢ -pyrrolidinone as well as the
increase in the degree of conversion and of the intrinsic
viscosity with time confirmed, according to the authors **,
the stepwise chain propagation and the absence of chain
termination during polymerisation. The authors do not
quote any information about the activation of the anionic
polymerisation of the lactam involving the inner —C=N
groups of the macromolecular activator.
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Korshak and coworkers *®*** described the synthesis

of block copolymers involving the interaction of an N ,N'-
acylbislactam with a diamine in an € -caprolactam melt,

(n+1) (‘IO—-NCOCGH,COIl\J—f‘JO -+ n NH,R'NH, —
—1 __
— CO— I]ICOC,HACO—- [NHR'NHCOC,H,C0],, >-ETT—C]O +2n l\ITH—(‘ZO s

with subsequent sodium-catalysed polymerisation of

€ -caprolactam via the terminal acyl-lactam groups of the
resulting polymeric activator. It was established that,
with increase of the content of the polymeric activator in
the reaction mixture, the degree of conversion of € -capro-
lactam increases and the thickening time diminishes,
which indicates an increase of the rate of polymerisation.
When the ratio of the initial polymers is altered, block
copolymers of the type A—B—A with different lengths of
the segments are formed; this is also indicated by a
change in the intrinsic viscosity and melting point of the
resulting copolymers.

Very interesting and very promising studies have been
made on the synthesis by anionic polymerisation of block
copolymers of polybutadiene, containing terminal iso-
cyanato-groups, with a lactam '®"™**°,  The presence of
unsaturated double bonds in the butadiene segment,

~ [CO (CHy)s NHJ,, —CONH— [CH,CH=CH—CH,], —NHCO— [NH (CHy); COl,, ~

ieads to further possibilities for the modification of the
products. The authors'®" note the exceptionally high
elasticity of the butadiene block copolymers even when the
content of the € -caprolactam units is up to 70-80%. It
was shown that the plasticity of this polymer depends on
the molecular weight of the polycaproamide segments. The
high degree of conversion (~98% with respect to € -capro-
lactam) shows that the macromolecular butadiene activator
1s highly effective. The impact strength, determined for
hardened block copolymers with the above structure,
increases with increasing content of the lactam units and
increases sharply when the latter is more than 50%, which
the authors '°® attribute to the higher impact strength of
nolycaproamide compared with the hardened polybutadiene,
At the same time, the bending strength changes insignifi-
cantly with increasing fraction of polycaproamide in the
block copolymer.

Thus the data presented concerning the use of macro-
molecular activators in the anionic polymerisation of
lactams permit the following conclusions.

1. Prepolymers containing the —O-, —COO—-, —COC1,

—CSCl, —S0.Cl, —OCOCl, »C=C=0, —N=C=0,
~CON-CO, ete. functional groups are effective activators

[—
of the anionic polymerisation of lactams,

2. The activating capacity of compounds of this kind is
determined mainly by the nature of the functional group
and not the length and nature of the macromolecular chain.

2. The properties of graft and block copolymers depend
both on the activator :lactam ratio and on the nature of the
macromolecular chain of the polymeric activator.

The anionic polymerisation of lactams can be activated
not only by the functional groups at the ends of the macro-
molecules but also by the functional groups which are
fragments of the main polymer chain. Thus it has been
reported*”**® that polyesters and polyethers can be used
as activators of the anionic polymerisation of lactams. As
a result of nucleophilic attack by the anion of the ester
group, the heterobond is dissociated with chain transfer
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to the lactam molecule:
N
o]

I - A
AVH,C—0—+C + R—CO T== ~utle—0

This case constitutes an example of chain transfer reac-
tions with dissociation, which are common in the polymer-
isation of heterochain monomers®®, As the interchain
exchange reactions proceed, the block copolymers formed
at the beginning of the process can be converted into a
statistical polymer. For example, Korshak and Frunze®'
established that, when a mixture of homopolyamides is
heated, a block copolymer is formed initially; the inter-
chain exchange reactions gradually reduce the size of the
blocks and the system attains a state of equilibrium char-
acterised by the most probable distribution of the mono-
meric units in the copolymer.

It has been noted *° that, when the anionic polymerisa-
tion of € -caprolactam is carried out in the presence of
polyhexamethyleneisophthalamide with terminal v -acyl-
lactam groups at 140° and 180°C, the products are block
copolymers whose intrinsic viscosities differ appreciably
[7int (140°) >nint (180°)]. The authors explain the dif-
ference between the viscosity characteristics ** by the
fact that at 140°C the exchange reactions leading to inter-
chain exchange and ultimately to the formation of block
copolymers with a less regular structure proceed much
more slowly than in the polymerisation at 180°C.

Taking into account the set of the possible exchange
reactions in the anionic polymerisation of lactams in the
presence of macromolecular activators, one must bear in
mind that in practice one cannot obtain a “pure” block
copolymer of the type A—B—A. In reality, under the
influence of the interchain exchange, the system may con-
tain, together with the block copolymer formed, also a
graft copolymer and a mixture of homopolymers. The
chemical structure of the products will be determined in
each specific instance by the process conditions, i.e, by
the nature of the macromolecular activators and the
lactam, their proportions, temperature, reaction time,
ete.

A CHLUO—=N—1(.0
I—

0
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