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1. INTRODUCTION

Polycondensation is an important method for obtaining
various high-molecular compounds. It can be used to pre-
pare both heterochain compounds (polyamides, polyesters,
polypeptides, polyanhydrides, polysulphides, polysiloxanes,
etc.) and carbon-chain compounds (polymethylenes, poly-
arylenealkyls, phenol-formaldehyde resins, etc.).

Until recently, polycondensation was carried out mainly
as an equilibrium process, ¢.e. under conditions of the re-
versible interaction of the resulting polymer with the start-
ing materials and with reaction products of low molecular
weight2. Such equilibrium polycondensation was usually
undertaken in a homogeneous medium, i.e. in a solvent
boiling at a sufficiently high temperature or in a melt of
the polymer and the monomers.

The laws of equilibrium polycondensation have been
examined in detail and elucidated in various reviews and
monographs?~¢. Considerably less research has been done
on the process of polycondensation under conditions which
exclude reversible reactions, such that the whole process
has the character of an irreversible, non-equilibrium
change. It has been suggested” that such a case of poly-
condensation should be termed “non-equilibrium polycon-
densation”. Not very many cases of non-equilibrium poly-
condensation are yet known. Among them are the forma-
tion of polyaminotriazoles by the polycondensation of dicar-
boxylic acids with hydrazine®, and also the formation of
polyamides and polyesters by the interfacial polyconden-
sation of dichlorides of dicarboxylic acids with diamines
and diphenols ?*°. Several polyamides and polyesters have
been obtained in this way.

The polycondensation of acid dichlorides with diamines
or diphenols is carried out at the boundary between two
immiscible liquids, e.g. water and a hydrocarbon or halo-
genated hydrocarbon. This has beentermed interfacial poly-
condensation or polycondensation at the phase boundary 2,*°.

Interfacial polycondensation opened up new opportunities
for the synthesis of polymers and therefore immediately
attracted the attention of investigators. After a short
interval of time a large number of papers appeared dealing
with the laws of interfacial polycondensation and its applica-
tion to the synthesis of various high polymers.

The method of polycondensation at the phase boundary is
based on the well-known Schotten-Baumann benzoylation
reaction!!, The production of polymers from the dihalide
of a dicarboxylic acid together with another bifunctional
compound (a diamine, diamide, dihydric phenol, etc.) was
known long ago. Thus Michler and Zimmermann?? first
found in 1881 that a polyamide is formed by the reaction
of m -phenylenediamine with carbonyl chloride in chloro-
form solution. Somewhat later Einhorn!® described a
method for obtaining polyesters by stirring a 20% solution
of carbonyl chloride in toluene with an alkaline aqueous
solution of a dihydric phenol {quinol, resorcinol, catechol).
This method for obtaining polymers represents essentially
what is now termed the method of interfacial polycondensa-
tion. However, Einhorn's work was forgotten, and only
recently has this method again attracted the attention of
scientists. It became clear that interfacial polycondensa-
tion opens up new possibilities for the synthesis of high
polymers, by greatly extending the range of suitable mono-
mers and making it possible to utilise monomers of high
melting point as well as those which are unstable, and re-
presents a great new advance in the development of a
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science of polymeric reactions. We therefore considered
it useful to review and summarise published data on this
question, and this is the purpose of the present survey.

II. MECHANISM OF INTERFACIAL POLYCONDENSATION

As in other cases, a polymer macromolecule formed by
interfacial polycondensation passes through three different
stages in the course of its formation3: (1) the start of the
growth of the macromolecule chain; (2) the growth of the
macromolecule chain; (3) the cessation of the growth of
the macromolecule chain or its termination.

Each of these stages has a characteristic feature distin-
guishing it from the corresponding stages both of polymeri-
sation and of equilibrium polycondensation.

1. Start of Macromolecular Chain Growth

A macromolecular chain is initiated by the reaction of
an acid dichloride with a diamine or a dihydric phenol:

CICORCOCI + H,NR'NH, - CICORCONHR'NH: - HCl.

In this stage of the reaction, if it occurs at the beginning
of the process, when no film of polymer is yet present at
the interface, polymer formation either occurs at the sur-
face of separation or is displaced deeper into the phase
which is the better solvent for the starting materials.
is usually the hydrocarbon phase.

This

Acylation in homogeneous medium*4-17 of both aliphatic
and aromatic amines, as well as the acylation of alcohols
and phenols, occurs by a nucleophilic substitution mechan-
ism and is a well studied reaction.

Morgan and Kwolek!°:!® consider that interfacial poly-
condensation, e.g. polyamide formation, occurs according
to the following equation®®;

CICO (CHy)sCOC! + HaN (CHy)eNH, —
P
cico (CH,),(]:O——H}Q (CHy)eNH, —2202¢
< H

—-CICO (CH,)COBN (CHo)fNH, 4 S2is ofthe e .

diamine

Here a protonated amide is formed, from which the pro-
ton is easily removed by the action of a base. An amino-
-group in the diamine molecule or at the end of the oligo-
meric chain can also serve as acceptor for the proton.
Water also can act as a proton carrier. The protonaied
amino-group can be easily reconverted into a free amino-
-group by contact with an inorganic base in the aqueous
phase:

-++—NH,-HCI 4 NaOH — - - - —NH, + NaCl 4 H:0.

The formation of polyesters 1°,18,}® by interfacial poly-
condensation differs in several features from the produc-
tion of polyamides. Thus reaction between dihydric phe-
nols and halides of dibasic acids takes place very slowly
at room temperature if the phenol is not present in the
form of the phenoxide ion. Morgan’? assumes that the pro-
duction of polyesters from acid dihalides and dihydric phe-

nols occurs via a nucleophilic attack of the phenoxide on the
chloride of the dibasic acid, as represented by the following
equation:

) o CHs
c1—%-</;>—é—c1 + NaO—(Q—é—C>—ONa -
tu,
o o CH,
- c1_é_<;>_'é‘ o{;>—él~.{;>—0Na 4+ NaCl -+ polymer.

CHs

The characteristic feature of interfacial polycondensa-
tion is its heterogeneous nature;—the presence in the reac-
tion zone of two immiscible solutions of reactants. When
solutions of the two starting materials come into contact,
the reactants as well as the solvents tend to move in oppo-
site directions. Thus the diamine tends to pass from the
aqueous phase into the organic phase, while the chloride of
the dicarboxylic acid tends to pass into the aqueous phase.
The diamine is readily soluble in nearly all the organic
solvents employed (the partition coefficient Gu,o/Cotvent Of
the diamine in the solvent systems employed varied from
400 to 1)}®, but the acid chloride is in most cases almost
insoluble in the aqueous phase. Polymer formation ob-
viously takes place in the organic phase close to the bound-
ary between the mutually immiscible solvents. This con-
clusion follows from several indirect observations, e.g.
the reactions of unifunctional compounds in water-organic
solvent systems, and also from direct observations on the
formation of a polymer film by interfacial polycondensa-
tion 10,18,

Morgan?°:8 considers that polycondensation is initiated
by the diamine coming into contact with the acid halide in
the organic phase. The halide concentration considerably
exceeds that of the diamine, which is apparently acylated
at both ends, forming oligomers.

2. Growth of Macromolecular Chain

Chain growth takes place by reaction between the oligo-
mers formed and the starting materials:

CICORCONHR’NH, + CICORCOCI - CICORCONHR’'NHCORCOCI - HCI
CICORCONHR’NHCORCOC! + H,NR’NH, -+ CICORCONHR’'NHCORCONHR’NH, - HCl

CICORCONHR’'NHCORCONHR’NH, + CICORCOCI —
— CICORCO [NHR'NHCORCO],Cl + HCI.

Here, depending on the phase in which reaction takes
place, the end-groups of the polymer will be those of the
starting material initially in the phase in which the reac-
tion occurs. Since it apparently takes place more often in
the hydrocarbon phase, the terminal groups will be acid
chlorides in this case: {.e. the polymer will have the struc-
ture

CICORCO [NHR'NHCORCO], CI.

Subsequent quantities of diamine, which diffuse into the
organic phase, collide with the layer of oligomers having
acid chloride end-groups and with the chloride of the di-
carboxylic acid (Fig.1). Reaction takes place by irrever-
sible combination of the oligomers with the diamine. The
concentration and the size of the oligomers increase until
a high-polymer film is formed. Thus the polymer is ob-
viously formed by reaction of the diamine with an oligomer
and not with a fresh molecule of acid chloride.

253
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Fig.1l. Diagram of the initial relationship between

reactants in the interfacial formation of a polyamidel!?: 18

It is probable that, during this period of rapid reaction,
oligomers having protonated amino-groups can also diffuse
from the organic into the aqueous phase, where the free
amino-groups are regenerated by removal of the proton by
an inorganic base; in addition, oligomers having free
amino-groups can diffuse into the organic phase together
with the diamines. The diffusion of the polymeric chains,
however, is comparatively slow. The diffusion of reac-
tants through the film does not cease, but merely slows
down, after formation of the high-polymer film, as can be
seen from a diagram of film growth with time (see Fig.2).

Other views also exist as to the location of interfacial
polycondensation. Thus Sokolov and Kruglova?? consider
that the reaction occurs neither in the aqueous nor in the
organic phase, but in the polymer film itself.

In the case of polyesterification the interfacial polycon-
densation occurs somewhat differently, since the starting
materials used in this case have rather different proper-
ties from those employed for the production of polyamides.
The poor solubility of diphenoxides in the organic phase !0:!8
and of the dicarboxylic acid chloride in the aqueous phase,
produces a different mechanism for interfacial polyesterifi-
cation compared with that of polyamide formation.

Several workers!®!® agsume that in the preparation of
polyesters by interfacial polycondensation the film is formed
initially in the organic phase, but subsequent film growth
occurs from the aqueous phase side (Fig.2). This mech-
anism is consistent with the investigations of Eareckson!®,
who found that polyphenylene esters are best prepared in a
rapidly stirred system of solvents containing detergents,
which produces a large reaction surface. In this way the
maximum possible quantity of polymer is kept in contact
with the interface, and the acid chloride encounters the
smallest obstacles to passing into the reaction zone 9%,
Since the acid chlorides must react at the phase surface
and be in a region of high ionic concentration, the less
readily hydrolysed chlorides of aromatic acids give poly-
mers of higher molecular weight than do readily hydro-
lysable aliphatic acid chlorides 1°,!8;2.  The reaction of
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polyesterification at the interface between two immiscible
phases is considerably accelerated in the presence of cata-
lysts such as quaternary ammonium salts and bases, which
is apparently due to the formation of phenoxides soluble in
the organic phase *,22,

During interfacial polyesterification the inorganic base
in the aqueous phase not only combines with the acid pro-
duced in the course of the reaction but also takes part in
the formation of the phenoxides which react with the halides
of dicarboxylic acids to form the polyesters.

3. Cessation of Growth of Macromolecules or Chain Ter-
mination

The stopping of chain growth for one reason or another
determines the molecular weight of the resulting polymer,
and this stage is therefore very important. In the case of
interfacial polycondenstion, chain growth may cease for
the following reasons:

(1) As a result of hydrolysis of terminal acid chloride
groups:

..—RCOCI+H,0 - ... —RCOOH+-HCI.

2)Asa result of the combination of acid with terminal
amino-groups:
.. —RNH,+HClI - ... —RNH,-HCl.

(3) As a result of the conversion of phenoxides into

phenols:
.. —RCgH,ONa4-HCl — . . . —RC¢H,0H+NaCl.

(4) As a result of the reaction of a terminal group with a
unifunctional compound:

.. —RCOCI4-H,NR’ -~ .. . —RCONHR’4-HCI

.. —RNH,;+CICOR’ — ... — RNHCOR'+-HCI
.. —RCsH,ONa+CICOR’ — ... —RC4H,O0COR’+NaCl
..—RCOCI+NaOGCgH; - . . . ——RCOOCsH;+NaCl.
Polyamide

aqueous phase containing

organic phase (xylene) containing phase
iamine

chloride of dicarboxylic acid

insoluble
powder —

insoluble
powder

TR
initial film ———— Attappans " /W%W/W//{”

interface

™~
/22.“:&&9 NN W
1 min 20h
organic phase (CCl,) containing
chloride of dicarboxylic acid

interface -

20 h initial film —

1 min

aqueous phase containing diamine

Polyarylate (polyphenylene ester)
aqueous phase conu];ining dihydric

organic phase (xylene) containing c
pheno

chloride of dicarboxylic acid

insoluble insoluble

powder T . v/ powder T~
initial fjlm —— Sididbhy Tl LW interface e ————
interface initial fil AU
Imin 20k el Him Imin 20k
aqueous phase containing dihydric organic phase (CCl,) containing
phenol chloride of dicarboxylic acid

Fig.2. Diagrams of growth of polymeric film (polyamxde and
polyester) at the interface between two 11qu1ds
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Such unifunctional compounds can probably include
also the partly saponified acid chloride:
... —RNH,+CICOR’COOH -+ ... —RNHCOR'COOH-+HCI,
and also the basic salt of the diamine:
.. —RCOCI4HgNR'NH,-HCl — .. . —RCONHR'NH,-HCI+HCI,
or the monophenoxide of a dihydric phenol:

...—RCOCI4-NaOC4H,OH — . .. — RCOOC¢H,;0H+NaCl.

(5) The impurities in the chloride of adipic acid can in-
clude its anhydride, which will terminate the chain
by the reaction:

CO (CHy),CO+H,NR—. ...
0

- HOOC (CH,),CONHR—. ..

(6) Apart from the above chain-terminating reactions,
chain growth may stop owing to inhibition of the entry
of one of the original monomers through the polymer
film which is being formed, as a result of which the
polymer molecules terminate in the same groups:

CICORCO [NHR'NHCORCO], Cl or H/NRNH [COR'CONHRNH], H

or
HOCH,0 [CORCOOC,H,0], H.

These macromolecules are unable to react with
the starting materials of similar chemical nature to
their end-groups, ¢.e. with those among which they
find themselves. Similarly, they cannot react with
one another.

III. KINETICS AND FUNDAMENTAL LAWS

Special difficulties occur in the study of the kinetics of
interfacial polycondensation, since the process occurs with
high reaction velocities. @ The quantity of diamine or
diphenoxide which can be transferred to the organic phase
determines the reaction velocity at any concentration of the
reactants, sothattherate of reaction is ultimately governed
by the rate of diffusion of monomers from one phase to the
other 1918 The rate constants of the reactions of aliphatic acid
chlorides with primary diamines are very high, their order
of magnitude in homogeneous solution being 102-104 litre x
x mole™ sec™, i.e. similar to the rate of chain propagation
in the radical polymerisation of vinyl compounds 8. The
reaction velocity of interfacial polycondensation is con-
siderably higher than the rate of mixing of the reactants.
Morgan and Kwolek 8 found the rate constant for the forma-
tion of polyamides in the water-chloroform system to be
570 litre mole™? sec™,

Fainberg and Mikhailov ?®* worked out a technique for
studying the kinetics of interfacial polycondensation based
on measurement of the electrical conductivity of the aqueous
phase (the diamine solution). Entelis et al.?* think it pos-
sible to investigate the kinetics of this reaction by utilising
the chemiluminescence which they observed to accompany
condensation between a toluene solution of adipoyl chloride
and an aqueous solution of hexamethylenediamine.

Interfacial polycondensation makes it possible to obtain
polymers of higher molecular weight than have been ob-
tained by other methods of polycondensation. Conix? pre-
pared polyphenyl esters with a mean molecular weight of

250000. Schnell® reported having prepared polycarbon-
ates with molecular weights up to 200000, and Wittbecker
and Morgan!® have described polyurethanes having mole-

" cular weights up to 1000 000.

The yield and the molecular weight of polymers ob-
tained by interfacial polycondensation are greatly affected
by the temperature and the duration of the reaction, the
presence of excess of the starting materials, the concen-
tration of the latter, the presence of emulsifiers, and other
factors.

1. Effect of Temperature

A characteristic feature of interfacial polycondensation
is that it occurs at relatively low temperatures. The
molecular weight and the yield of polyamides and polyesters
areaffectedina similar way by the reaction temperature 25,26
(see Figs.3.and 4), an increase in temperature leading to a
decrease in the molecular weight of the polymers. This
phenomenon is obviously associated with the increased rate
of hydrolysis of the chlorides of dicarboxylic acids athigher
temperatures 2 (Fig.5), which leads to chain termination.

Lo L L L
6§ 12 2 5 50 nc

Fig.3. Variation of the molecular weight of
polyhexamethyleneadipamide with the tempera-
ture of interfacial polycondensation. 2

060
240

a

&
w8 I W 58 80 WY

Fig.4. Variation of the reduced viscosity of
polyester with the temperature of interfacial
polycondensation of isophthaloyl chloride and
bisphenol A, 26
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Fig.5. Variation of the rate of hydrolysis of
adipoyl chloride in benzene solution (0.15M)
with: 1) time of hydrolysis at 25°; 2)tempera-
ture of reaction (reaction time 1 min);

3) quantity of caustic potash (reaction time

1 min at 25°).

The rate of hydrolysis of the carbonyl chloride end-groups
on the growing macromolecule should be similarly in-
creased, resulting in the formation of carboxyl groups at
the ends of the chain, which are inactive in this reaction:

CICORCO [NHR'NHCORCO], Cl -+ 2H,0 — HOOCRCO [NHR’NHCORCO], OH - 2HClI.

In addition, it is possible that chain termination may
result from the formation of the monochloride of the dicar-
boxylic acid:

H,NR’NH [CORCONHR'NH], H -+ 2CICORCOCH —
—  ZHCI -+ HOOCRCO [NHR'NHCORCO], ,, OH

The yield of polymer, however, is only slightly affected
by a rise in reaction temperature at the phase boundary
from 20° to 70°.26 Similar results were obtained by
Sundet et al.?® for the formation of polysulphonamides. At
-40° high-molecular-weight polymers can be obtained?®,

2. Effect of Reaction Time

Since polycondensation at a phase boundary takes place
rapidly, polymer formation occurs within very short inter-
vals of time (2-10 min). Increasing the reaction time
above ~ 10 min does not produce any increase in the yield
or molecular weight of the polymers %29,

Table 1 2 shows that the bulk of the polymer is formed
within the first few minutes of the reaction. Nor does the
molecular weight change when the duration of the process
is increased. An increase in the rate of stirring of the
reaction system substantially increases both the yield and
the molecular weight of the polymer #:26,2°, This effect
has been studied also by Akutin and Rodivilova 3*.

256

TABLE 1. Effects of time and rate of stirring on the
molecular weight and yield of polyamide %

(concentration of reactants 0.15M).

Time of fyiag, Vgng;jiv Mole-
stirring, | o solution | Sular
min in cresol | weight

Rapid stirring (~7 500 rev/min)

0.5 34 0.71 19 000
1.0 45 0.69 18 500
1.5 42 0.7 19000
3.0 49 0.68 18 700
6.0 46 0,72 19 200
12.0 43 0.73 19 700

Slow stirring (~1 000 rev/min)

3.0 25 0.46 12,500
to.0 32 0.53 | 14300
12.0 33 0.46 | 12500
90.0 33 0.49 13 200

3. Effect of an Excess of One Reactant

If polymers of high molecular weight are to be formed
by carrying out the reaction in a melt, equimolecular pro-
portions of the starting materials must be present. I
excess of one of the reactants is present, the molecular
weight of the polymer falls sharply 32-35,

When, however, polycondensation is carried out at the
interface between two phases, several workers 7,%5,20,36
have shown that the relative proportions of the starting
materials has no effect on the molecular weight of the re-
sulting polymers in nearly all cases other than polyesters 28,38,
Thus in the preparation of polyamides 7,25:2% polysulphon-
amides 3%, and polyureas ¥, for example, an excess of any
of the reactants up to 100-300 mole% does not lead to any
lowering of the molecular weight of the resulting polymers.
Fig.6 shows the results obtained by Korshak et al.”

N ]
100% 50 25 1050510 25 50 00 %
excess of component B, excess of component A,
mole mole

Fig.6. Dependence of the molecular weight of polyhexa~
methyleneadipamide on the excess of starting materials:

1) in interfacial polycondensation (non-equilibrium);

2) in equilibrium polycondensation (in the melt); A — hexa-
methylenediamine; B — adipic acid. 7
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In contrast to this, with polyesters?®:* an excess of one

of the reactants lowers the molecular weight (Fig.7 38),
This difference in the effect of excess of the reactants on
the molecular weight with the different types of polyconden-
sation polymers is obviously associated with the nature of
the reactants and with the mechanism of the formation of
these high polymers.

The absence of any effect of excess of the starting mate-
rials on the molecular weight of a polyamide is due to the
fact that, thanks to the high reaction velocity of the starting
materials, the molecular weight is governed by kinetic
factors, and in particular the rate of diffusion of monomers
through the polymer film which is formed. Therefore the
chain-terminating reactions constitute the main factor
determining the molecular weight of the polyamide. In the
preparation of polyesters, film formation does not occur,
and therefore the presence of excess of one of the starting
materials does have an effect on the molecular weight of
the polyester, since in this case the process takes place
with high degrees of conversion, so that an existing excess
can block the end-groups of the polymer and terminate its
growth.

A 1 i It 1 1 1 1 1 1
q2 06 Q5 @8 10 12 14 16 14 20
number of moles of bisphenol A per mole of isophthaloy! chioride

Fig.7.
obtained by interfacial polycoudensation from isophthaloyl
chloride and bisphenol A: @) with a bisphenol A: caustic soda

Variation in the reduced viscosity of the polyester

ratio of 0.5; b) with an isophthaloyl chloride: caustic soda
ratio of 0.25, %

4. Effect of Unifunctional Additives

Equilibrium polycondensation in the presence of unifunc-
tional additives is known to yield polymers of lower mole-
cular weight than in the absence of such additives 3°~42,
This is due to degradation of the polymer under the influ-
ence of such additives, as well as to the cessation of chain
growth owing to blocking of the functional end-groups of the
polymer. Unifunctional compounds also cause a diminution
in the molecular weight of polymers obtained by interfacial
polycondensation 7,38,

Korshak et al.” showed that, in the preparation of poly-
amides, the molecular weight of the resulting polymer is
lower if unifunctional substances of similar chemical nature
to the starting materials are added to the reaction mixture.
Fig. 8 shows the effect of different quantities of butyryl
chloride on the molecular weight of the polyamide, and
Fig.9 shows the effect of adding various quantities of butyl-
amine.

23000

[3 Fmole %

Fig.8. Change in the molecular weight
of polyhexamethyleneadipamide on addition
of different amounts of butyryl chloride
(abscissae). Polymer obtained by drawing
out of solution.?

12000

11000

&0001-

7000 ! L !
1 2 K 4

.; mole %

Fig.9. Change in the molecular weight

of polyhexamethyleneadipamide on addition

of different amounts of butylamine (abscissae).
Polymer obtained by stirring solutions of the
reactants. |

Addition of benzoyl chloride or phenol in the preparation
of polyesters by interfacial polycondensation also leads to
polyesters of lower molecular weight (Fig.10)38, This
effect of unifunctional additives is explained by their re-
acting with the end-groups of the growing macromolecule
and forming end-groups which are incapable of reaction,
thus causing chain termination:

-+ - —CORCOCI 4 HyNR’ -+ — CORCONHR’+ HCl
+++ — C4HONa + CICOR — .- — C¢H,OCOR + NaC{.

A similar state of affairs is observed in the preparation
of polysulphonamides, polyureas, polyurethanes, and other
polymers. It follows from this that, in order to obtain
polymers of high molecular weight by interfacial polycon-
densation, the reactants must not contain as impurities
unifunctional compounds which can react with one of the re-
actants. Therefore statements in the patent literature that
the purity of the starting materials does not affect the pro-
perties of the resulting polymer must be regarded as in-
correct.
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Fig.10. Change in the reduced viscosity of the polyester
obtained by interfacial polycondensation from isophthaloyl
chloride and bisphenol A on addition of various amounts of:
@) benzoyl chloride; b) phenol. 3

Mikhailov et al.® have shown (see Fig.1l1) that the
molecular weight of polyhexamethylenesebacamide is
greatly dependent on the purity of the initial sebacoyl chlor-
ide. As can be seen from Fig.11, even 2% of impurities
in the acid chloride lower the molecular weight of the poly-
mer almost to one-third. In the preparation of polysul-
phonamides, too, the purity of the original disulphonyl
chloride has an effect on the yield and the molecular weight
of the polymer?¢. Among the impurities which diminish
the molecular weight of polymers obtained from acid chlor-
ides must be included the anhydrides of dicarboxylic acids.
These are quite difficult to separate from the chlorides
owing to the similarity in their boiling points. Anhydrides
are harmful because, by reacting with the growing chain,
they terminate it, forming unreactive end-groups:

. — NHRNH, -~ CO (CH,),CO — --- — NHRNHCO (CH,), COOH

. — C¢H,0H + CO (CH;), CO — .-+ — CgH,OCO (CH,), COOH .

O

Other reactive impurities are possible in the starting
materials. Hence it follows that the requirement that the
reactants used in equilibrium polycondensation must have
maximum purity applies equally to interfacial polyconden-
sation.

97 96 99 0 %

Fig.11. Variation of the specific viscosity of
polyhexamethylenesebacamide with the purity
of sebacoyl chloride (abscissae). 43
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5. Effect of Reactant Concentration

The concentration of the reactants is of considerable
importance.

Interfacial polycondensation can be effected even when
one of the solvents is completely eliminated: i.e. the concen-
tration of one of the reactants, if liquid, can be 1009 22,30,36,37,
But it is evident from several papers (see Figs.12-15)
that the preparation of each polymer has its own strictly
defined relationship between molecular weight, yield of
polymer, and concentration of reactants!%!82526, The
accompanying diagrams show that in all cases the maxi-
mum molecular weight corresponds to a strictly defined
concentration of the reactants. It is interesting that the
yield of polymer depends on this concentration in the same
way as the molecular weight?, The effect of reactant
concentration on the course of the reaction was studied by
Akutin and Rodivilova 3!,% and other workers 45,

! b b
aoi ar 10 20M
Fig.12, Variation of the intrinsic viscosity
of polyhexamethylenesebacamide with reactant
concentration. Molarity of diamine solution:
1) 0.1; 2) 0.4; 3)0.8; 4) 1.4.!% The abscissae
give the concentrations of sebacoyl chloride in
carbon tetrachloride.
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1 1

207 7] 020 M

Fig.13. Variation of the intrinsic viscosity
of polyhexamethylenesebacamide with reactant
concentration: 1) in the absence, 2) in the pre-
sence of an emulsifier. Concentration of dia-
mine 0.1M. Abscissae as in Fig.12.
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Fig.14. Variation of the intrinsic viscosity

of polyamides obtained by interfacial poly-
condensation with the concentration of dicar-
boxylic acid chlorides: 1) polyhexamethy-
lenesebacamide; 2) polypiperazineterephtha-
lamide; 3) polyhexamethyleneterephthalamide.
Concentration of diamines 0.4M.18 The abscis-
sae represent concentrations of acid halide in
chloroform.
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Fig.15. Variation of the intrinsic viscosity of
polyhexamethylene-m-benzenedisulphonamide

with the concentration of the disulphonyl chloride.
Effect of acid acceptor in: 1) 0.25M Na,CO; + 0.13M
diamine; 2) 0,25M NaOH + 1,13M diamine, 8%

The abscissae represent concentrations of the di-
sulphonyl chloride in dichloromethane.

6. Effect of Acid Acceptor

In order to achieve high molecular weights in ordinary
equilibrium polycondensation, it is necessary to bond or to
remove the products of low molecular weight (water, alco-
hol, ammonia, hydrogen chloride, etc.) formed during
the reaction!,¥. With polycondensation at the boundary
between two phases, the reaction between the chloride of
the dicarboxylic acid and the diamine or dihydric phenol
leads to the evolution of hydrogen chloride, which also
can cause chain termination. In most cases, therefore,

a necessary condition for obtaining polymers at the inter-
face is the presence of an acid acceptor in the aqueous
phase. Several papers have shown!0,%5,%,46 that we can
use for this purpose various bases, oxides, hydroxides,
and carbonates of the alkali and alkaline-earth metals which
are particularly soluble in water, such as KOH, NaOH,
Ba(OH),, or Na,CO,, as well as various organic bases
(pyridine, triethylamine, etc.). When one of the monomers
is a diamine, it itself can serve this purpose.

The quantity of the acid acceptor may vary within wide
limits, from zero to a fivefold excess3°%. However, it
is preferable not to use more than a threefold excess.
Korshak et al.%® have shown that the highest yields and
molecular weights are obtained with polyesters by using
acid acceptors in amounts approximately equivalent to the
bifunctional compound. Fig.16 shows the effect of the
quantity of alkali on the molecular weight and the yield of
a polyester.

Organic bases (pyridine)2® do not give nearly such good
results as do inorganic bases. Clearly, this can be ex-
plained by the fact that pyridine hydrochloride is appreci-
ably soluble in the organic phase, causing the following
equilibrium to be established:

CsHNHCI + H,yN (CHa)s NHy 7. CgHgN <+ HoN (CH,)q NH, - HCI

Sokolov and Kudim #* point out that, in the preparation
of polyamides from chlorides of aromatic dicarboxylic
acids and aromatic diamines, better results are obtained
in acid medium. Not only the nature and amount of the
acid acceptor but also its concentration are important in
determining the course of reaction, and therefore the pH
of the aqueous phase has a substantial effect.

Fig.16. Variation of the reduced viscosity of
polyester from isophthaloyl.chloride and bisphenol A
with the quantity of caustic soda added. %

7. Effect of Emulsifiers

As shown above, vigorous stirring at the interface be-
tween two phases increases the reaction surface and leads
to an increase in the yield and the molecular weight of the
polymers #® (see p.256). A similar effect is exerted by
emulsifiers 10,19,22,30,36,37,48  which may be either cationic,
anionic, or neutral in character and can be soluble in
either water or the organic solvent. The most widely
used emulsifier in interfacial polycondensation is sodium
lauryl sulphate.

It is evident from the results of Korshak et al.* sum-
marised in Table 2 that the best emulsifiers with respect
to the yield and molecular weight of polyesters are sodium
Mersolate and Nekal.

The data in Table 3 show the effect of varying the amount
of emulsifier.

The optimum concentration is ~1%. Excess of the emul-
sifier lowers the molecular weight of the polyester. In
this case the use of an emulsifier, apart from increasing
the molecular weight and the yield of polymers, makes it
possible to extend the range of organic solvents which can
be employed in interfacial polyesterification.
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TABLE 2. Effect of the nature of emul-
sifier on the reduced viscos-
ity and yield of polyester.
(Concentration of emulsifier in aqueous

layer } wt, %)*

Roduced | Yield o
Emulsifier v':‘:loyse:'yef po|y7e°ster,
in cresol
Na stearate 0.78 76
Na Mersolate 1.54 19
New product 1.06 75
OP-20 0.94 82
Trilon B
[EDTA} 0.22 50
Nekal 1.44 15

* Concentration of reactant solutions:
0.125M alkaline solution of dihydric phenol,
0.5 g of emulsifier in 10 ml of water, and
0.1M solution of isophthaloyl dichloride in
p-Xylene. Stirring continued for 20 min.

Effect of emulsifier concentration
(Na Mersolate) on the reduced vis-
cosity and yield of polyester.

TABLE 3.

Concn. of | Reduced
emulsifier |viscosity of| Yield,
in aqueous | polyester %
fayer, wt.% | in cresol
0.25 1.10 78
0.50 1.24 75
0.88 1.14 7
1.00 1.54 79
1.35 1.24 83
1.75 1.10 75
2.00 1.02 82
2.50 0.76 8%

8. Effect of Solvent

Interfacial polycondensation is carried out in a solvent
system consisting of water and an organic solvent. The
latter may belong to various classes of organic compounds
which are immiscible or not very miscible with water and
which do not react with the reactants. The most widely
used are such solvents as benzene and its homologues,
aliphatic hydrocarbons, halogenated hydrocarbons, and
several other substances 29,399,  The organic solvent
affects such variables in interfacial polycondensation as
the distribution of the reactants between the two phases,
the diffusion of the reactants, and the swelling and perme-
ability of the polymer which is formed®®. Wittbecker and
Morgan®, as well as Sokolov and Turetskii®*, consider that
to obtain a high-molecular-weight polymer, it is necessary
that the solvent should merely cause the resulting polymer
to swell, whereas Eareckson'® considers that the polymer
must be dissolved. The influence of these factors has at
present no theoretical explanation, and in most cases the
solvents which promote the synthesis of polymers of suf-
ficiently high molecular weight and in sufficiently high
yield are selected empirically. Thus the best solvents for
the preparation of polyesters, for example, prove to be
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chloroform, 1,1,2-trichloroethane, trichloroethylene!®,
and p-xylene?®. 'Solvents which may be successfully used
for the preparation of polyamides are benzene, methylene
chloride, chlordform, and carbon tetrachloride18,25,49,

Emulsifiers can play a large part in extending the range
of organic solvents which can be utilised®. In the prepa-
ration of polyesters, for example, Nekal increases the
molecular weight of the polyester with nearlyall the organic
solvents used (see Table 4).

Organic solvents are used to prepare solutions of the
acid halides, whereas solutions of the second reactant are
usually made up with water. In the preparation of poly-
amides by interfacial polycondensation, water can be re-
placed by ethylene glycol?®. Polycondensation can then be
carried out at low temperatures (around -40°),

Inorganic salts, especially neutral salts such as sodium
chloride, when added to an alkaline aqueous solution of a
diamine, increase the proportion of the latter in the or-
ganic phase!8, Furthermore, the presence of salts in the
aqueous phase lowers the solubility of acid chlorides in
water, and hence diminishes their hydrolysis. This con-
siderably improves the preparation of polymers from the
lower aliphatic acid dichlorides, which are more soluble in
water than are the higher dichlorides. Addition of salts to
the aqueous phase is especially important in the preparation
of polymers of the A-B type?®5? (see p.263).

TABLE 4. Effect of the nature of solvent on the reduced

viscosity and yield of polyester.

With emulsifier* Without emulsifier
Solvent of reduced reduced J
isophthaloyl chloride |viscosity of yield, % [viscosityof i1y o
polyester polyester
in cresol in cresol
Xylene 1.46 80 1,02 88
Tetralin 0.64 80 0,28 86
n-Heptane 0.94 84 0.30 | quantitative
Carbon
tetrachloride 1,12 83 0.40 »
Chloroform 0.44 17 0.12 »
Dichloroethane 0.72 80 0.16 80
Tetrachloro -
ethylene 1.02 82
Trichloroethylene 0.96 80 - -
Chlorobenzene 0.72 80 0.20 83
Ethyl ether 0.58 81 0.33 71

* Concentration of emulsifier 1.5% in water.

IV. COMPARISON OF EQUILIBRIUM AND INTERFACIAL

" POLYCONDENSATION

The formation of polyamides and polyesterification, like
other forms of equilibrium polycondensation taking place in
solution or, in a melt at high temperatures, are reversible
reactions:

x HaNR’NH, -+ x HOOCRCOOH 7 [—NHR’NHCORCO—], + 2 x H;0
x HOR'OH + x HOOCRCOOH 7= [~OR'00OCRCO—], + 2 x H;0

Therefore the extent of conversion and the molecular
weight of the resulting polymers are determined by the
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completeness of removal of reaction products of low mole-
cular weight, i.e, of water in this case?:2:%3, The mole-
cular weight of the polymers then depends on the relative
proportions of the starting materials, or more generally of
the initial functional groups %,%,%2-%5, Polymers of high
molecular weight are formed only when the starting mate-
rials are present in equivalent proportions. The presence
of excess of any of the starting materials or of a product
which is chemically similar leads to a diminution in the
molecular weight of the polymer. Since an inverse rela-
tionship exists between the amount of this excess and the
molecular weight of the polymer, the maximum value of the
latter can be predetermined by adding the calculated quan-
tity of the acid, diamine, or other compound as molecular-
-weight regulator3. Exchange reactions between the poly-
mer molecules 4:°4:% and also between the polymer mole-
cules and the starting materials4,58~%7 play an important
role in polycondensation. These exchange reactions result
in a degradation of the polymer molecules 45787, which
takes place more readily and more rapidly the higher the
molecular weight of the polymer %%, As a result, the
longer molecules are first broken down under the influence
of the degradative exchange reactions during polycondensa-
tion, and the polymer formed has comparatively small
polydispersity, in contrast to the polymers obtained by
polymerisation -7, as investigations of the molecular -
-weight distribution of the polymers have shown?!,"*;"™,

Unlike high-temperature equilibrium polycondensation
in a melt, polycondensation at the boundary between two
immiscible phases is an irreversible process 7,10,18,25,26;

x CICORCOC! 4 x NHR'NH, -+ [—NHR'NHCORCO—] 4 2x HCi
& CICORCOCI + x HOR'OH — [—OR’GOCRCO—], + 2 x HCI.

Since the reaction takes place at low temperatures, the
products of low molecular weight which are formed do not
react with the polymer, and hence do not affect its mole-
cular weight or the extent of conversion. In the formation
of polyamides by interfacial polycondensation, the mole-
cular weight of the resulting polymer is independent of the
relative proportions of the starting materials 7,19,18,36; jpn
polyesterification3® the proportions of the starting mate-
rials do to some extent affect the molecular weight of the
polyester (see p.256). A peculiarity of interfacial poly-
condensation is the heterogeneity of the process. Another
important feature which affects the preparation of polymers
of high molecular weight is the occurrence of side-reac-
tions which terminate the chains by forming end-groups
which do not react under the given conditions. With equi-
librium polycondensation, on the other hand, most of the
terminal functional groups are retained as such, and hence
the macromolecules do not lose their capacity for further
chain growth.

The molecular-weight distribution'® of polymers ob-
tained by interfacial polycondensation may vary depending
on the reaction conditions. In some cases®® the distribu-
tion was narrower than in the case of polycondensation in
a melt, and in other cases it was broader or similar.

A comparison of the properties of polymers obtained by
interfacial polycondensation with those obtained at high
temperatures has led several workers 1°,18,76,77 to conclude
that the polymers are identical in melting point, crystal-
linity, and also solubility, Schnell 22 points out, however,
that polymers obtained by interfacial polycondensation
have good mechanical properties only at relatively high
molecular weights.

Table 5 gives a comparison of the two methods of poly-
condensation with respect to the requirements to be met by
the starting materials, the conditions of polycondensation,
and the properties of the resulting polymers 10,8,

Examination of these data shows that interfacial poly-
condensation has several advantages over polycondensation
in a melt, the main advantages being as follows:

(a) The reaction is carried out at low temperatures,
which permits an extension of the range of monomers which
can be used, since it becomes possible to utilise thermally
unstable monomers, and thus to obtain polymers which it
had previously been impossible to prepare by high-tem-
perature equilibrium polycondensation 78:7°,

(b) The method of interfacial polycondensation makes it
possible to obtain polymers having a high melting point,
often lying above the temperature at which they decompose.
It is impossible to obtain such polymers by equilibrium
polycondensation in the melt, since they are decomposed.

TABLE 5. Comparison of interfacial polycondensation
and polycondensation in the melt.
Interfacial In the melt
Starting materials
Purity moderate to high | high
Thermal not essential essential
stability
Equilibrium not essential essential
Conditions of polycondensation
Time a few minutes a few hours
Temperature 0°—40° > 200¢
Pressure atmospheric high or low
Equipment simple, open special, sealed
Products
Yield low to high high
Structure unrestricted restricted by
thermal stability
and fusibility

(c) The reaction can be carried out within a very short
period of time, it requires very simple apparatus, and is
therefore very convenient for the laboratory preparation of
polymers.

(d) Polymers of high molecular weight can often be ob-
tained without requiring equimolecular proportions of the
starting materials.

(e) The method provides an opportunity for obtaining,
at the boundary between the two phases, polymer films
which can be removed from the reaction zone in the form
of a continuous film®. This enables goods made of high
polymers (films, fibres) to be obtained by a continuous
method directly from the reaction zone %4,

In this connection the production of articles from mate-
rials which are difficult or even altogether impossible to
work -in industry (e.g. cross-linked, infusible, insoluble
polymers) is of particular interest. In spite of the series
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of favourable aspects indicated above, interfacial polycon-
densation has specific disadvantages: (a) the process re-
quires the presence of chlorides of dicarboxylic acids,
which are less readily available than the acids themselves
and require an additional stage in the synthesis of the
monomers; (b) the yield of polymers may vary within wide
limits depending on the nature of the starting materials;

(c) the polymers contain such impurities as sodium chloride
and other substances. Washing out the impurities is often
a quite lengthy stage in the preparation of the polymers.

It is still too early to arrive at final conclusions con-
cerning the future of interfacial polycondensation. The
study of the process has only just begun, but it is already
clear that this method has its place in the series of syn-
thetic reactions which can be used to prepare polymers,

V. METHOD OF CARRYING OUT INTERFACIAL POLY-
CONDENSATION

Two procedures can be employed for polycondensation
at an interface9,%0,80,

1. Preparation of Polymers with Stirring

Various macromolecular compounds can be prepared by
stirring solutions of the reactants at the interface between
two phases. The polymers are then obtained in the form of
a powder, and can be further processed into various goods
(films, fibres, etc.) in the usual way. Stirring enables the
formation of the polymer to be accelerated, and the mole-
cular weight and the yield to be increased. The preparation
is carried out in an apparatus fitted with a mechanical
stirrer rotating at high speed. A solution of the acid di-
halide in an organic solvent immiscible with water (ben-
zene, chloroform, hexane, etc.) is run into an alkaline
aqueous solution of the multifunctional compound (diamine,
dihydric phenol, etc,) with stirring, and the polymer is im-
mediately formed as a film, a powder, or granules. The
hydrogen chloride evolved during the reaction is absorbed
by the alkali. The reaction is carried out at moderate
temperatures, usually room temperature, in short periods
of time, and is practically complete within 2~15 min.

If the multifunctional compound is insoluble in water but
soluble in some organic solvent, it can be suspended in the
water —organic solvent system for the purpose of polycon-
densation19,29,37, The organic solvent must not react, or
may react only slightly, with the acid dihalide #,%%%7, A
water -insoluble multifunctional compound can also be intro-
duced in the form of its water-soluble derivatives (e.g. the
hydrochlorides of aromatic diamines)?:%. The calculated
quantity of alkali required to liberate the free diamine and
also to combine with the hydrogen chloride eliminated
during the process is gradually added to a stirred solution
of the reactants. The resulting polymer is most frequently
obtained in solid form, and is easily separated from the
reaction mixture by simple filtration. When, however, the
polymer is soluble in the solvent system employed, itis
isolated by distilling off the solvent or by precipitating the
polymer with a suitable precipitant®s®. The precipitated
polymer is washed successively with an aqueous solution of
acetone or alcohol and warm water until chloride has been
completely removed. The yield of polymer may vary
within wide limits depending on the nature of the starting
materials and the reaction conditions, and it is often quan-
titative.
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The molecular weights and yields of polymers depend,
as already mentioned, on several factors — intensity of
stirring, concentration, temperature, presence of emul-
sifiers, etc.

2. Preparation of Polymers without Stirring

Polymers can also be obtained without stirring the solu-
tions of the reactants!%2°, When a solution of the acid
dihalide is run into an alkaline aqueous solution of the di-
amine, a film of polymer is instantly formed at the inter-
face, and it is often so strong that it can be removed from
the reaction zone in the form of a continuous filament
(Fig.117).

The polymer obtained in this way is subjected to further
treatment as described above; the yield of polymer is
rather lower (25-50%) because the polymer carries a pro-
portion of the reactants away from the zone of reaction.

Fig.17. Continuous preparation of polymer filament
by interfacial polycondensation: first layer — alkaline
aqueous solution of diamine; second layer — solution
of dicarboxylic acid halide in organic solvent; third
layer — polymer film formed at interface.

The molecular weights of polymers obtained without stir-
ring are not lower than those of polymers obtained with
stirring, and depend on the experimental conditions.

Interfacial polycondensation without stirring will prob-
ably find application in the direct manufacture of polymeric
goods (films, fibres) from the reaction zone, using both linear
and three -dimensional macromolecular compounds 10543,46,81,

3. Design of Apparatus for Interfacial Polycondensation

Interfacial polycondensation takes place at room tem-
perature and atmospheric pressure; therefore it can be
carried out in very simple apparatus and can easily be
arranged as a continuous process 3%:%2, Fig,18 illustrates
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Fig.20. Arrangement for continuous production of
. . polyamide filament (A) and film (B) by interfacial
Fig.18., Apparatus for continuous preparation of polycondensation. 48

polymers by interfacial polycondensation: 10, 36

1) acid dichloride; 2) diamine; 3) polymer.

an apparatus for carrying out such a process with stirring
of the initial reactants and partial recirculation of the re-
action mixture.

By utilising the ability of certain polymers to form a
sufficiently strong film at the phase boundary, this process
can be used to produce ready-made polymeric materials
(films, fibres)s®, Figs.19 and 20 show arrangements for
obtaining polymeric goods directly from the reaction zone.

The continuous preparation of polymers directly from
the reaction zone opens up prospects for the development of
a new technology for the production of polymeric materials.
As a result, it becomes possible to process into fibres and
films polymers which are practically insoluble and which
possess melting points close to the temperatures at which
they decompose.

Fig.19. Scheme for fibre production by interfacial
polycondensation:

1) spinneret; 2) spinning head; 3) supply of diamine
solution; 4) supply of dicarbonyl chloride solution;
5) guide roll; 6) filament after formation; 7) washing
bath; 8) take-up device. "

VI. MACROMOLECULAR COMPOUNDS OBTAINED BY
INTERFACIAL POLYCONDENSATION '

1, Polyamides

Polyamides represent the class of polymers which is
most readily obtained by interfacial polycondensation and is
able to form films at the boundary between the immiscible
phases. From the preparative viewpoint, polyamides are
least sensitive to the effect of the solvents, the proportions
of the reactants, and similar factors 7,10,18,25,83,

Polyamides can be prepared from substances of differ-
ing structure — aliphatic and aromatic diamines and chlor-
ides of aliphatic and aromatic dicarboxylic acids, as well
as chlorides of unsaturated acids (see Table 6).

2. Polymers of Type A-B 952

Polymers of type A-B are macromolecular compounds
obtained from monomers containing both interacting func-
tional groups in a single molecule. The amino-acids form
an example of such monomers. Polymers of this type are
produced according to the scheme:

x CICO (CHyg)s NH,-HCl 4 2 x NaOH ~ [—OC (CHg)y NH—]x+ 2 x NaCl 4 2 x H,0 .

The mechanism of the interfacial polycondensation of
such monomers differs somewhat from that for two differ-
ent bifunctional compounds (e.g. a diamine or a dihydric
phenol with the dichloride of a dicarboxylic acid, etc.).
The main difference is that the monomers must be used in
the form of salts (to block the amino-groups).

The formation of polymers of type A-B by interfacial
polycondensation takes place in the following way®2. Since
the monomer is a salt, which is only sparingly soluble in
the organic solvent, it diffuses into the alkaline-aqueous
phase, where the amino-group is set free. The monomer
free from the salt group is readily soluble in the organic
phase, where reaction takes place between the free amino-
-group and the acid chloride group of another molecule.
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TABLE 6. Polyamides obtained by interfacial TABLE 6. (cont'd).
polycondensation from diamines and
dichlorides of dicarboxylic acids.
Diamine Cichloride ::igi:avbnxylic ;?:::;:: Diamine Dichloride ::i: icarboxylic 'L.i’):’rea":;es
Ethylenediamine sebacoyl 84 2, 5-Dimethylpipera - terephthaloyl 49
terephthaloyl 84,85 zine
phthaloyl 86 isophthaloyl 49
N,V -Dimethylethylene- | terephthaloyl 85 phthaloyl 86
diamine trans-hexahydrotere - 49
N, -Diethylethylene- terephthaloyl 85 phthaloyl
diamine cis-hexahydrotere - 49
N,V -Dibutylethylene - terephthaloyl 85 phthaloyl
diamine cyclopentane -1, 3- 49
Trimethylenediamine 85 -dicarbonyl
1, 2-Diaminopropane 83 cis-hexahydroisophthaloyt| 49
N, N’ -Dimethyltri - 85 1,4-dihydroterephthaloyl | 49
methylenediamine biphenyl-p, p’ -dicarbonyl| 49
NN -Diethyltrimethylene - 85 2,3, 5, 6-tetrachlorotere - 49
diamine phthaloyl
2-Hydroxytrimethylene- {sebacoyl 83 2, 2-diphenylpropane - 49
diamine -p, p’ -dicarbonyl
Tetramethylenediamine | biphenyl-p, p’-dicar- 83 2, 5-Diethylpiperazine terephthaloyl 49
bonyl 2, 6-Dimethylpiperazine |terephthaloyl 49
terephthaloyl 85 2, 3, 6-Trimethyl - trans-hexahydrotere - 49
sebacoyl 30 piperazine phthaloyl
NN’ -Dimethyltetra - terephthaloyl 85 2,8,5,6-Tetramethyl - terephthaloyl 49
methylenediamine piperazine
Pentamethylenediamine 85 trans-hexahydrotere - 49
Hexamethylenediamine |[oxalyl 29 phthaloyl
fumaroyl 87,88 p-Phenylenediamine fumaroyl 88
8 -hydromuconoyl 83 sebacoyl 92
adipoyl 29, 30, 43,76, terephthaloyl 84,92
81,83, 89,90 m -Phenylenediamine fumaroyl 88
azelaoyl 76 sebacoyl 83
sebacoyl 29, 43,76, 80, m-Tolylenediamine sebacoyl . 92,93
81, 83,89, 90 p-Xylylenediamine sebacoyl 92
terephthaloyl 84 terephthaloyl 92
isophthaloyl 76,83 1,4-Hexahydroxylylene~ |adipoyl 29,83
phthaloyl 86 diamine
cyclohexane-1,4- 83 Bis-(4-aminocyciohexyl) |terephthaloyl 83
-dicarbonyl methane
oxotriphenylphospho- 91 phthaloyl 86
rane-p, p’ -dicarbonyl Benzidine fumaroyl 88
methylphosphonyl 8 sebacoyl 92
phenylphesphonyl 78,179 terephthaloyl 92
phosphoryl 78 4,4’ -Diamino-3, 3’ - sebacoyl 92
2, 5-Diaminohexane terephthaloyl 29 -dimethylbiphenyl
Bis-3-amino-octyl sebacoyl 29 (tolidine)
ether terephthaloyl 92
Nonamethylenediamine | sebacoyl 90 Dianisidine fumaroyl 88
Piperazine adipoyl 29,90 1, 5-Naphthylene - fumaroyl 88
azelaoyl 90 diamine
sebacoyl 18,90 Bis(4 -aminophenyl) sebacoyl 92
cyclopentane-1, 3- 31 methane
-dicarbonyl terephthaloyl 92
terephthaloyl 18,89,90 Bis(4 -aminophenyl) sebacoyl 92
isophthaloyl 49, 90 ethane
phthaloyl 86,90 terephthaloyl 92
trans -hexahydrotere - 49 Bis(4 ~amino -3-methyl- sebacoyl 92
phthaloyl phenyl)methane
cis-hexahydrotere - 49 phthaloyl 89
phthaloyl terephthaloyl 92
Piperazine biphenyl-p, p’ -dicarbonyl| 49,83 Bis(V-methyl-4-amino- [ sebacoyl 92
bibenzyl-p, ' -dicarbonyl| 49 phenyl)methane
2, 2-diphenylpropane - 49 terephthaloyl 92
-p,p’ -dicarbonyl Bis(V-ethyl -4 -amino- sebacoyl 92
2-Methylpiperazine terephthaloyl 49 phenyl)methane
isophthaloyl 49 terephthaloyl 92
trans-hexahydrotere - 49 Bis(V-ethyl -4 ~amino - sebacoyl 92
phthaloyl -3-methyldiphenyl)-
bibenzyl-p,p’-dicarbonyl| 49 methane
2-Phenylpiperazine phthaloyl 86 terephthaloyl 92
{terephthaloyl 49
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Repetition of this reaction many times over leads to the
production of a macromolecular compound. The molecular
weight and the yield of polymers of type A-B depend to a
considerable extent on the hydrolysability of the acid chlor-
ide groups of the monomers, since hydrolysis of these
groups becomes possible when they are released in the
alkaline-aqueous layer. In order to suppress this reaction,
which would lead to termination of the polymer chain, high
concentrations of neutral salts are introduced into the
alkaline-aqueous phase, as these salt-out the “unblocked”
monomer into the organic phase, thereby reducing the
amount of hydrolysis.

Schaefgen ef al.%? used a series of salts of aminoalkyl
esters of chloroformic acid for the preparation of poly-
urethanes and polyamides — for example, the hydrochlor-
ides of 5-aminopentyl chloroformate and p-aminomethyl-
benzoic acid, toluenesulphonates of 4-aminobutyl chloro-
formate and 3(y-piperidyl)propyl chloroformate, and simi-
lar compounds.

3. Polysulphonamides

Polymers of this class obtained by interfacial polycon-
densation are of practical interest, since they possess a
molecular weight which is sufficient for the production of
oriented films and fibres #,36,%4,%, Attempts to obtain
polysulphonamides by other methods of polycondensation
yielded polymers having predominantly low molecular
weights ®6799,

The most important factors in the preparation of poly-
sulphonamides are strict concentration ratios of the reac-
tants in both phases, a high degree of purity of the disul-
phonyl chlorides, a definite pH of the aqueous medium
(9-10), and several other factors 28,36,%4,95,

Polysulphonamides, apart from being soluble in the
solvents ordinarily used for polyamides, dissolve in 10%
aqueous caustic soda solution 0,29,

A high concentration of alkali in the aqueous phase may,
apart from favouring hydrolysis of the disulphonyl chloride,
promote the formation of branched chains in the polysul-
phonamide, as well as leading to cross-linking of the poly-
mer chains by reaction with the hydrogen atom of the amide
group*°:

Z—

NH— H
s'oz slo.z
R R

! o,

v,
O
&
—

N—Na + CISO,RSO,Cl — N—SO,
R "

NH NH

| |
Table 7 lists a series of polysulphonamides synthesised

by interfacial polycondensation.

4. Polyurethanes

Polyurethanes belong to a class of fibre-forming poly-
mers somewhat resembling polyamides in structure. Two
methods of practical interest have been worked out for pre-
paring polyurethanes: (1) reaction between a di-isocyanate
and a glycol, and (2) reaction between a bischloroformate
and a diamine. Both methods have been known since
1939 96,100,101 .

TABLE 7. Polysulphonamides obtained by inter-
facial polycondensation from aliphatic
and aromatic disulphonyl chlorides.

Diamine Disulphony! dichloride hi;:::':::es

Ethylenediamine m-benzene - 28,36

p-benzene - 28
biphenyl-4,4'- 28,94
naphthalene-1,5- 28
phenoxybenzene-4,4’ - 28
N, N’ -Dimethylethylene - m-benzene - 28
diamine
cyclohexane-1,4- 28

Propylenediamine biphenyl-4,4’- 94

2-Hydroxytrimethylene - m -benzene - 28

diamine

Trimethylenediamine biphenyl-4,4’- 94

1-Methyltrimethylene- biphenyl-4,4’- 94

diamine

2, 2-Dimethyltrimethylene~ | biphenyl-4,4'- 94

diamine

Tetramethylenediamine biphenyl-4,4’~ 94

pentane-1, 5- 95

Hexamethylenediamine pentane-1,5- 94

m -benzene - 28,36
p-benzene - 28
ethane-1, 2- 28
hexane-1, 6- 28,36
cyclohexane-1,4- 28
naphthalene-1,5- 28
naphthalene-~2, 7~ 28
biphenyl-4,4’- 28, 36
diphenylemthane-4,4' - 35

Bis(3-aminopropyl) m-benzene - 28

ether

p-Xylenediamine m-benzene - 28

4, 4-Dimethylhepta - biphenyl-4,4’ - 94

methylenediamine

Piperazine biphenyl-4,4’- 94

2-Methylpiperazine biphenyl-4,4’ - 94

trans-2, 5-Dimethyl - biphenyl-4,4'- 94

piperazine

The preparation of polyurethanes by interfacial poly-
condensation is a variant of the second of the above
methods; the reaction is carried out using two immiscible
solvents (water and an organic solvent).

The first information on the preparation of polymers of
this class by the interfacial polycondensation method dates
back to 1941192, put the very broad investigation of this
method began only relatively recently!%-112, Its applica-
tion allows us to obtain polyurethanes of a great variety of
structures, including those containing aliphatic and aroma-
tic groupings, as well as various copolymers 104-106,

Table 8 lists polyurethanes which have been obtained by
interfacial polycondensation.

5. Polyureas
The polyureas, which are widely known representatives
of polycondensation polymers, also can be obtained by

interfacial polycondensation using as starting materials
carbonyl chloride or thiocarbonyl chloride and a diamine,
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TABLE 8. Polyurethanes obtained by interfacial poly-
condensation.
Diamine or diol Bischloroformate of diol I'_:'f':":::":
Ethylenediamine butane -1, 4 ~diol 104,108,
111,112
ethane -1, 2-diol 112
2, 2-dimethylpropane - 112
-1, 3-diol
cyclohexane -1, 4 -diol 112
diglycol 112
Tetramethylenediamine butane -1, 4-diol 103-108,111
1, 3-Diaminobutane ethane-1, 2-diol 112
hexamethylenediamine ethane-1, 2-diol 112
digiycol 112
2, 2-dimethylpropane - 112
-1, 3-diol
cyclohexane-1, 4-diol 112
3-Methoxyhexamethylene- | 2, 2-dimethylpropane - 112
diamine -1, 3-diol
Bis(3-aminopropyl)ether 2, 2-dimethylpropane - 112
-1, 3~diol
Piperazine butane-1, 4 -diol 112
hexane-1, 6-diol 112
quinol 112
ethane-1, 2-diol 110,112
cyclohexane-trans- 112
-1, 4-diol
cyclohexane -cis- 112
-1, 4-diol
pentane-1, §-diol 110
diphenylpropane-p, p’-diol | 109,110
cyclohexane-1, 4-diol 105,110
trans-2,5-Dimethyl - ethane -1, 2-diol 112
piperazine
quinol 112
1, 4-Diaminocyclohexane ethape-1, 2-diol 112
1, 3-Diaminocyclohexane ethane-1, 2-diol 112
p-Phenylenediamine 2, 2-dimethylpropanediol 112
m ~Tolylenediamine 2, 2-dimethylpropanediol 112
Bix(4 -aminophenyl)methane | 2, 2-dimethylpropanediol 112
Bis(4-amino-3-methyl - 2, 2~dimethylpropanediol 112
phenyl)methane
2, 2-(p-Hydrophenyl) N,V -diphenoxycarbonyl- 109
propane piperazine
Quinol N, N’ -diphenoxycarbonyl - 109
piperazine
4,4’ -Dihydroxybiphenyl N,V -diphenoxycarbonyl - 109
piperazine
Bis(hydroxyphenyl)propane piperazine-1, 4~dicarbonyl 109
chloride

or a di-isocyanate and a diamine #4,*!3,}14, Carbonyl chlor-
ide and di-isocyanates are digsolved in an organic solvent,
and diamines in an alkaline-aqueous solution. Polyureas
are obtained in higher yields from a di-isocyanate and a
diamine, since di-isocyanates are more resistant to the
action of water than is carbonyl chloride.

6. Polyesters

Interfacial polycondensation provides one of the best
methods for synthesising polyarylates, i.e. polyesters of
dihydric phenols and dicarboxylic acids. Various poly-
esters obtained by this method have been described in
several papers 19,24,26,38,48,88  and Table 10 lists the mono-
mers from which these polyesters were prepared.
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TABLE 9. Polyureas obtained by interfacial
polycondensation.
Diamine Second component Literature
references
Tetramethylenediamine carbonyl chloride 84
Hexamethylenediamine carbonyl chloride 84,113
Bis(3 -aminopropyl)ether carbonyl chloride 84
Hexamethylenediamine thiocarbonyl chloride 84
Bis(3-aminopropyl)ether hexamethylene di- 114
~isocyanate
Bis(3-aminopropyl)methyl - hexamethylene di- 114
amine ~isocyanate

Polyphenyl esters are products of high molecular weight,
melting at high temperatures, possessing good dielectric
properties, and capable of being fabricated.

Korshak et al.® suggested using interfacial polycon-
densation to obtain graft and block copolymers of polyester
type.

Polyesters containing carbonic acid radicals and dihy-
dric phenols, the so-called polycarbonates, are of great
practical interest. They possess good dielectric proper-
ties and high melting points. They can be obtained both by
polyesterification and by “phosgenisation”. The prepara-
tion of polycarbonates by the latter method represents an
interfacial polycondensation reaction. Schnell? has des-
cribed a series of polycarbonates, but his paper gives no
clear indication of exactly which polymers he obtained at
the phase boundary.

7. Mixed Polyamides

Korshak et al. 799! showed that the use of mixtures of
chlorides of different dicarboxylic acids in an interfacial
polycondensation reaction leads to the formation of a mixed
polyamide. This is similar in composition and properties
to copolymers obtained from the corresponding starting
materials by the high-temperature polycondensation method,
as can be seen from Figs.21 and 22.

A limited difference in reactivity between the acid chlor -
ides or the diamines has no material effect on the composi-
tion or properties of the copolymer™, The production of
mixed polymers having an ordered structure requires that
the reactant should differ sharply in reactivity. Otherwise
it is necessary to carry out the reaction with the initial
reactants introduced alternately into the zone of polycon-
densation. In this way Lyman and Jung!!? have synthesised
mixed polyurethanes of regular and irregular structure.

Mixed polyamides have been described, obtained ?,40,86,87,
90,118 by the interfacial polycondensation of the following
substances: hexamethylenediamine with the following pairs
of acid chlorides: adipoylandazelaoyl, adipoyland sebacoyl,
azelaoyl and sebacoyl, adipoyl and isophthaloyl, sebacoyl
and terephthaloyl, and adipoyl and fumaroyl; piperazine
with adipoyl and isophthaloyl, azelaoyl and phthaloyl,
chlorides; etc.



Vol.30 No.5

RUSSIAN CHEMICAL REVIEWS

May 1961

TABLE 10. Polyesters obtained by interfacial poly-
condensation from aromatic diols and
chlorides of various dicarboxylic acids.

Diol or dithiol Chloride of dicarboxylic Li
acid references
Quinol succinyl 19¢
adipoyl 19,45
sebacoyl 19
terephthaloyl 19,45
isophthaloyl 19
Resorcinol fumaroyl 19
terephthaloyl 19
isophthaloyl 19
2, 2-Bis(p-hydroxy- oxalyl 19
phenyl)propane
fumaroyl 19,21,88
adipoyl
sebacoyl
terephthaloyl 19,21
isophthaloyl 21,26, 38, 48
quinoldiglycolloyl
diphenylmethane-p, p’ - 21
~dicarbonyl
_ 2, 2-diphenylpropane -
p.p’ -dicarbonyl
benzophenone-p, p’ - 21
-dicarbonyl
phenoxybenzene-p, p’ - 21
-dicarbonyl
diphenyldichloromethane - 21
-p, p’ -dicarbonyl
sulphonyl -p, p’ -dibenzoyl 19,21
P, p’ -Dihydroxybenzo- sebacoyl 19
phenone
2, 2-diphenylpropane - 21
-p, p’ -dicarbonyl
p, p’ -Dihydroxydiphenyl | isophthaloyl 19
sulphone
sulphonyl -p, p’ -dibenzoyl 19,21

2, 2-Bis(p-hydroxy -~ isophthaloyl 21

phenyl)butane

2, 2-Bis(p-hydroxy - phenoxybenzene-p, p’ - 21

phenyl)butane -dicarbonyl
fumaroyl 21
3, 3-Bis(p-hydroxy - isophthaloyl 21
phenyl)pentane
terephthaloyl 21
diphenylmethane-P, P’ - 21
-dicarbonyl
phenoxybenzene -p, p' - 21
-dicarbonyl

1, 1.-Bis(p-hydroxy - phenoxybenzene-p, p’ - 21

phenyl)ethane -dicarbonyl

Phenylbis(p-hydroxy - terephthaloyl 21

phenyl)methane
isophthaloyl © 21
phenoxybenzene-p, p’- 21
-dicarbonyl
1, 1-Bis(p-hydroxy - isophthaloyl 21
phenyl)-1-phenylethane
phenoxybenzene-p, p’~ 21
-dicarbonyl

Bis(p-hydroxyphenyl) isophthaloyl 21

diphenylmethane

1,1, 1-Tris(chloromethyl)- | terephthaloyl 21

-2, 2-bis(p-hydroxy -
phenyl)ethane
isophthaloyl 21
2, 2=Bis(p-hydroxyphenyl)- | isophthaloyl 21
-3-methylbutane
Ethane-1, 2-dithiol adipoyl 82
sebacoyl 82
terephthaloyl 82
isophthaloyl
Butane-1, 4-dithiol adipoyl 82
Pentane -1, 5~dithiol isophthaloyl 82

50

solubility, %
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AH/PmH. moles

Fig.21l. Dependence of the solubility of mixed
polyamides p;epared from adipoyl (A) and iso-~
phthaloyl (P) chlorides and hexamethylenedia-
mine (H) on the reactant ratio: 1) for polya-
mides obtained by interfacial polycondensation
2) for polyamides obtained by polycondensation
in the melt. "

300}
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\‘ !
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Fig.22. Dependence of the softening temperature
of mixed polyamides on the reactant ratio:

1) for polyamides obtained by polycondensation in
the melt; 2) for polyamides obtained by interfacial
polycondensation; 3) for polyamides obtained by
polycondensation in the melt (without washing out
products of low molecular weight).

8. Mixed Polyesters

Eareckson!® prepared a series of mixed polyphenyl
esters whose molecular weights were greater than those of
the corresponding homopolymers; this is explained by the
greater solubility of the mixed polyesters in the organic
phase. Examples are provided by the polyesters ob-
tained ?,*18-120 from the following substances: resorcinol
plus isophthaloyl and terephthaloyl chlorides; 2,2-bis-
(p-hydroxyphenyl)propane plus isophthaloyl and fumaroyl,
isophthaloyl and oxaloyl, or isophthaloyl and terephthaloyl
chlorides; 4-chlororesorcinol plus isophthaloyl and tere-
phthaloyl chlorides; 1,5-dihydroxynaphthalene plus iso-
phthaloyl and terephthaloyl chlorides; 4,4’-dohydroxyben-
zophenone plus isophthaloyl and terephthaloyl chlorides;
etc.

27
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9. Mixed Poly(amide—esters)

The interfacial polycondensation method has also been
applied to the preparation of poly(amide-esters).*® How-
ever, no detailed investigation of this class of high poly-
mers was undertaken. The following parent compounds
were used %°,121: hexamethylenediamine + bis(hydroxy-
phenyl)propane + terephthaloyl chloride; hexamethylene-
diamine + bis (hydroxyphenyl)propane + sebacoyl chloride;
piperazine + bis(hydroxyphenyl)propane + sebacoyl chlor-
ide; 2,5-dimethylpiperazine + resorcinol + terephthaloyl

chloride; etc. .

10. Mixed Poly(amide-urethanes)

Mixed poly(amide-urethanes) also can be prepared by
interfacial polycondensation. Several polymers of this
class have been obtained 4,86,117 by this method from the
following starting compounds: piperazine + 1,2-diphenyl-
ethane-p,p’ -dicarbonyl chloride + ethylene bischlorofor-
mate; methyl piperazine + terephthaloyl chloride + ethyl-
ene bischloroformate; 2,5-dimethylpiperazine + tere-
phthaloyl chloride + ethylene bischloroformate; ¢rarns-2,5-
-dimethylpiperazine + terephthaloyl chloride + ethylene
bischloroformate; etc.

11. Co-ordination Polymers
Recently the attention of chemists has been attracted to

the preparation of co-ordination polymers 2!,

Knobloch and Rauscher# have shown that interfacial
polycondensation can be used to obtain co-ordination poly-
mers from salts of copper and tetraketones of the type:

CH; CHy 7N
ot do *———<
A N AN o={__p=0. .
c—C cH md| (2 EPAN
o’ N\ . R
: C—0"
- CH, - n n

Such polymers have been obtained by mixing an aqueous
solution of copper salts and a solution of the ligand in an
organic solvent.

The successful preparation of co-ordination polymers
requires that the copper should be present in the aqueous
phase in the form of unstable ions, e.g. [Cu(NH,);]C1".

Solutions of tetra-acetylethane in methylene chloride and
of 1,4-dihydroxyanthraquinone in benzene were taken as the
initial ligands. The structure of such polymers was con-
firmed by chemical analysis and by their infra-red spectra.

Glukhov et al.'?* prepared a series of complex polymers
containing Be, Mg, Ca, Cull, Fell, and Co!! from tetra-
ketones having the structure:

HC
/
o 0<CH9 S
= —CH— " N_CH,—
o C<CH ey S—-CHa—CH  and
-0
CH, 7
¢
0 0 o o

CHy—C—CHy—C—¢ N rA ____>—(¥—CH.—C!—CH,,
where R = O or >CH,.
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VII. CONCLUSION

The distinctive feature of interfacial polycondensation is
that highly reactive starting materials can be used, and
hence the process can be carried out at a low temperature.
Polycondengation then takes place as an irreversible pro-
cess and in this respect differs fundamentally from poly -
condensations in solution or in a melt (z.e. in a homogen-
eous system) which have been thoroughly investigated.

This feature of interfacial polycondensation brings it
close to the processes by which polymers are synthesised
in the living cell, where it is possible that this type of syn-
thesis is used. Furthermore, interfacial polycondensation
has already opened up several new prospects in polymer
synthesis, the most important of which is the possibility of
preparing polymers having high melting points, which lie
above the temperatures at which the polymers decompose.
In addition, this method of synthesis enables the polymer
to be obtained in the form of ready-made goods (films,
fibres) and thus gives rise to the possibility of “moulding”
goods from polymers at the instant they are prepared, in
contrast to most known methods, which are based on the
manufacture of goods from already finished polymers.

The above features explain the great interest which
interfacial polycondensation has aroused among investiga -
tors in different countries, who are vigorously developing
this process.
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1. INTRODUCTION

The great majority of plants contain starch reserves,
although Compositae and Gramineae contain fructose poly-
saccharides as their main reserve carbohydrate. Other
plant reserve polysaccharides have attracted little atten-
tion!-3, but recently heteropolysaccharides, particularly
galactomannans and glucomannans, have been studied
successfully. The structure of known galactomannans and
glucomannans has been further elucidated, and new com-
pounds of this type have been discovered. These polysac-
charides are of interest to industry as well as in terms of
organic chemistry (in relation to their structure and
properties) and comparative, or evolutionary, bio-
chemistry. Some of them are foodstuffs, especially in
oriental countries; on account of their high viscosity,

1 This article is a revised and supplemented version of the
author's report at the First International Colloquium on Carbo-
hydrate Biochemistry at Gif-sur-Yvette, France, in July, 1960,



