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         By Kohei HOSINO and Kisaburo NOISIKI. 

                (Received December 20, 1942.)

Introduction. On the polymerization process of e-caprolactam, the
following patents are presented : 

    (1) It. P. 373977. Aug. 9, 1939. (I.G.). For producing a polyamide, one mole
of ε-caproiactam is continuously heated'at 180-250°(usually at 225°)with a catalyst,

      e.g. 1/100-1/200 mole of ε-aminocaproic acid hydrochloride, until polymerization is

effected to such an extent that the product can be continuously spun from melt into

uniform thread. With catalyst the polymerization is effected in 36-64 hours at 225°,

while without catalyst it requires 96-102 hours. 

     (2) Swed. P. 99037, June 4, 1940. R.M. Joyce and D.M. Ritter (du Pont).
ε-Caprolactam is heated at 120-150° with 1/50 mole of alkali metal, e.g-Na or Li, per

at 250° under vacuum.

    (3) B.P. 535421.(2) April 9,1941. ε-Caprolactam is heated with water at a

temperature of 180-300℃. under 200-2801b. per sq. in-to effect partial polymeriza-

tion. When most of the monomer has been converted to a low polymer, the water 

is allowed to distil gradually from the reaction mixture while polymerization continues. 

The pressure is finally reduced to atmospheric and polymerization is completed by

heating in the range of 180-300°.

    (4) A.P. 2241321.(3) May 6, 1941. Paul Schlack. (I.G.). This is identical 
to (1). 

     (5) A.P. 2241322.(4) May 6, 1941. Wm. E. Hanford (du Pont). A processs 
is employed which involves heating ε-caprolactam under superatmospheric pressure

with water of at least 0.1 mole of water per mole of the cyclic amide and continuing 
the heating under super atmospheric pressure with retention of water until the cyclic 
amide has been mostly converted to polyamide. 

     (6) A.P. 2241323.(4) May 6, 1941. Crawford H. Greenwalt (du Pont). A 
process which involves heating to a temperature above the melting point of the 
cyclic amide and below the temperature at which substantial pyrolysis of the resultant 

polyamide takes place, and continuing the heating until the polyamide obtained is 
capable of being spun into oriented fibers. 

    (7) A.P. 2251519.(5) Aug. 5, 1941. Robert E. Joyce and David M. Ritter (du 
Pont). This is identical to (2).

It is conceivable from these patents that the polymerization of  ε-capro-

lactam may proceed as in the following manner:

(1) J. Chem. Soc. Japan, 62(1941), 1202. 
(2) J. Text. Inst., 1941, A 314. 
(3) Chem. Abst., 35(1941), 5128. 
(4) Chem. Abst., 35(1941), 5129. 
(5) Text. Colorist, 1941, 550.
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   But on the mechanism of polymerization and the structure of the 

polymer no information has been reported, so the present study was at-
tempted and the results obtained were the following.

    Mechanism of Polymerization. ε-Caprolactam does not polymerize

by beating at 250-300° at atmospheric pressure to a polymer which has

spinnability. When s-aminocaproic acid is heated it is partly converted

to the monomeric lactam (about 30%) and partly to polyamide (about 
70%). According to Carothers' description (6), these are not directly con-
vertible. But by heating  ε-caprolactam unde r superatmospheric pressure
of inert gas, it is converted to linear superpolyamide. This polymerization 
is effected in a vessel of glass, porcelain, brass, aluminium, stainless steel 
or iron, and addition of a small quantity of potassium carbonate or mag-
nesium metal or magnesiumoxide or stannouschloride does not give better
results in a glass vessel.  As ε-caprolactam is hygroscopic in moist atmos-

phere, it is conceivable that a smaller amount of water catalyzes polymeri-
zation. This was proved by the following procedure: The freshly distilled
ε-caprolactam in  a dry glass tube equipped in an autoclave from which
any moisture remained was removed by heating  at 300°was heated con-

tinuously for 24 hours at  250-260°  under the pressure 20 kg./cm2. of
hydrogen, but no evidence of polymerization was recognized; the lactam 
remained unchanged and could be distilled in vacuum. Then the interior 

of the autoclave was wiped with moist cloth, by the same procedure as
before the polyamide of intrinsic viscosity [η]20=1.21 was obtained. It

is evident from this fact that a small quantity of water is indispensable

for the effective polymerization of ε-caprolactam(7). What is the role of

water in thin process? The following experiments answer this question-

By hzating 5g. of ε-caprolactam with 1c.c. of water at 270° for 7 hours,

white waxy mass was obtained and this can be shaved in thin flakes with

a knife. Next by heating 5g. of  ε-caprolactam with 5 c.c. of water in

the same way, the polymer precipitates as white powder when cooled. In

both cases the product was insoluble in water or alcohol, m.p.  207-213°.
When 2g. of ε-caprolactani  dissolved in 10 c.c. of water was heated at
275°for 2  hours under the pressure 70 kg./cm2. of hydrogen, a clear solu-
tion was obtained after cooling. By evaporating this solution, 2.15 g. of
ε-aｍinocaproic acid (Found: N, 10.36. Calculated for C6H13O2N: N,

10.68%) was obtained. Therefore it is true that ε-caprolactam hydrolyzes

in ε-aminocaproic acid in the presence of water. In fact, ε-caprolactam

polymerizes in the presence of ε-aminocaproic acid instead of water.

As reaction mechanism, the following two cases are conceivable.

(i) ε-Caprolactam first reacts with water forming ε-aminocaproic

acid, then this polymerizes to polyamide by the process of condensation 

polymerization.

    (6) Carothers and Berchet, J. Am. Chem. Soc., 52(1930), 5289; van Natta, 
Hill and Carothers, J. Am. Chem. Soc., 56(1934), 455. 

    (7) Oda and Mokudai obtained similar results from a different experiment. 
Bull. Inst. Phys. Chem. Research (Tokyo), 20(1941), 1046.
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where

    (ii) ε-Aminocaproic acid which is produced by the interaction of

ε-caprolactam and a small qualltity of water reacts with ε-caprolactam,

The amino-acid dimer reacts with the lactam forming amino-acid trimer, 
and so on,

    If the reaction between two polymers may be neglected and the num-
ber of amino-acid molecule is constant, the molecular distribution is repre-
sented by Poisson's distribution formula. Denoting the number-average 
or weight-average degree of polymerization as Pn .1 or Pw,1 in the case 
(i) and as Pn.2 or Pw.2 in the case (ii), and assuming that the Flory's 
theory(8) is applicable, the following relations are obtained.

When the intrinsic viscosity of the polyamide synthesized by the mecha-
nism (i) is equal to that of the polyamide synthesized by the mechanism 
(ii),

When Pn .1 and Pn.2 are sufficiently large,

While the breaking strength F of a fiber is represented by the following 
formula(9), which is derivable from Kanamaru-Hata's theory(10) under 
some assumption,

where a and b are constants.

 8) Flory, J. Am. Chem. Soc., 62 (1940), 1561; 58 (1936) , 1877. 
(9) Hosino and Aikawa, J. Chem. Soc. Japan, 63(1942), 1187. 
(10) Kanamaru and Hata, Science (Japan), 11(1941), 458.
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But the strength of the fiber spun from condensation polymer derived
from ε-aminocaproic acid is equal to that of the fiber spun from ε-capro-

lactam polymer, when the intrinsic viscosity of both polymer is equal. 
Therefore, the reaction mechanism (ii) excluding the reaction between 
two polymers is improbable. Either the reaction mechanism (i) or the 
reaction mechanism (ii) including the amide group exchange process is 
probable.

Structure of the Polymer. The structure of ε-caprolactam polymer

molecule excluding end groups may be concluded to be identical to that

of condellsation polymer of ε-aminocaproic acid,  i.e. polycapramide, on the
basis of the following evidences.

(1) The product by hydrolysis of  the ε-caprolactam polymer is

ε-aminocaproic acid. 5.00 g. of the ε-caprolactam polymer are decomposed

by means of 100 c.c. of 5N. H2SO4 on a water-bath, and SO4- ion are removed 

by means of 65 g. of barium carbonate,and by evaporating the filtrate,

5.53g, of crystals(m.p.193-195°)  are obtained. this corresponds to 97%

yield of the theoretical amount. Recrystallized from 85% alcohol, m.p.
200-202°(benzoyl derivative, m.p.79-80°). ε-Aminocaproic acid, which

is o.btained by hydrolysising of ε-caprolactam, m.p.202-203°. Mixture of

the both substances are of m.p.201-202°(benzoyl derivative, m.p.78-80°).

(2) Fiber period of extended fiber is 8.84 A. The X-ray diagram
of fully extended cold drawn fiber is 
shown in Fig. 1. In equator there are 
shown two intensive spots, corresponding 
to the plane distance 4.32A. and 3.76A. 
respectively. The fiber period along the 
fiber axis is 8.84 A. on the basis of the 
layer line distance. If it is assumed that 
C-N or C-C distance along the paraffine 
chain axis is 1.27 A., the number of chain 
atoms in the structural unit=8.84/1.27=
6.97≒7, this result corresponds to the

structure of [NH(CH2)5CO]. Therefore, 
among the conceivable structures of the 
polymer,

Fig. 1.

(a)

(b)

(c)

(a) and (b) and the mixture of two or three of (a) (b) (c) must be ex-
cluded as its structure.

    (3) The melting points of ε-caprolactam polymer, ε-aminocaproic

acid polymer and copolymer of the lactam-amino acid mixture in molar

ratio are identical,209-212°.

   (4) Analysis. Found; N, 12.21. Calculated for [NH (CH2) 5CO], 
N, 12.38%.
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Experimental.

     (1) Cyclohexanoineoxime. (i) Hydroxylamine hydrochloride method. Cyclo-
hexanone used was of 85% grade. By Bousquet's method(11), yield: 83%. 

    (ii) Hydroxylamine disulphonate method.

    By Marvel and Eck's method(12), using 0.01-0.02% of sodium cetyl sulphate as 

emulsifier of cyclohexanone in water instead of alcohol as solvent, the yield of recry-

stallized oxime was 64.5% of the calculated amount. We also found that hydroxylamine

disulphonate hvdrolvzes to hydroxvlamine sulphate in 30 minutes  at 75°, and this

hydrolysate can be used with good results for obtaining oxime; yield: 74.6% of the 
theoretical amount. 

     (iii) When hydroxylamine and iso-mono-sulphoxylamine were used, which were 
obtained by means of electrolytic reduction of nitric acid, the yield of oxime was about 
50% with current efficiency of 60%.

(2)ε-Caprolactam  (2-Ketohexameth•yleneimine, Cyclohexanoreisoxime).

ε-Caprolactam was synthesized by Beckmann rearrangement of cyclohexanone

oxime. By Marvel and Eck's method(13), it yields 79% of the theoretical. Using the 
method, which consists in adding the powder of oxime into heated concentrated sul-
phuric acid(14), several factors were examined. The mole ratio of sulphuric acid to 
oxime is sufficient, when this ratio exceeds 2.5. As to the relation between concentra-
tion of sulphuric acid and the yield of lactam, 95% H2SO4 is superior to less con-
centrated acid. To neutralize the sulphuric acid after rearrangement, ammonia was 
the best, potassium hydroxide or sodium hydroxide was less convenient. Using 300 c.c. 
of extracting solvent per 200 g. of oxime, the amount of lactam obtained was as follows: 
chloroform, 77%; benzene, 10%; ethylene chloride, 54%; trichloroethylene, 2810; carbon 
tetrachloride, 2%. The quantity of chloroform was sufficient, when 300 c.c. per 200 g. 
of oxime was used. Our best procedure was as follows: A 2000 c.c. porcelain beaker 
was charged with 250 c.c. of 95% sulphuric acid. The acid was stirred and heated
to 95-100℃.  and then maintained at that temperature by the gradual addition of 200 g.

of cvclohexanoneoxime. The solution was then held at  100℃. for one hour, followed

by addition of the oxime. then cooled  to 20℃.,  and then neutralized with 20 % aqueous

ammonia. The resulting solution was extracted with 300 c.c. of chloroform; the 

chloroform was then evaporated and the residual oil was then distilled under reduced 

pressure, discarding a small forerun of unchanged oxime and collecting the fraction
boiling at 122-124°/5mm., 165-167°/19 mm., m.p.65-68°,  was collected; this corre-

sponds to a yield of 77%.

(3) Polymerization. (i) Temperature. The optimum temperature for poly-
merization is 245° in the case of polymerization condition of Table 1, Intrinsic viscosity

is defined as(In ηr)/c, in which ηr is the viseosity of a dilute solution (e.g., 0.5%

(11) "Organic Syntheses", XI, 56. 
(12) "Organic Syntheses," XIX, 20. 
(13) "Organic Syntheses," XVIII, 60; XIX, 20. 
(14) Cass, A.P. 2221369, Belg. P. 436765.
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concentration) of the polymer in m-cresol divided by the viscosity of m-cresol and c 
is the concentration in grams of polymer per 100 c.c. of solution.

Table 1. Intrinsic viscosity[η]20 of the polymer.

     Thermai decomposition begins at about 300°; in the case of the reactiom tem-

perature at 320° the polymer is soft and sticks to glass wall.

     (ii) Time(Table 2).

Table 2.

A 30 hour's heating is sufficient for the effective polymerization. 

    (iii) Effect of water added (Table 3).

Table 3.

    There is an obvious difference between the case in which no water is added and 
the case in which water is added more than 0.1 mole per 1 mole of lactam. 

    (iv) Effect of added adipic acid as viscosity stabilizer (Table 4).

Table 4.

     (v) 113g.(1 mole)of ε-caprolactam is heated for 16 hours under initial pres-

sure of hydrogen 15 kg./cm.2 at 240-250° with 2 c.c. of N-HCl(HCl: 1/500 mole, water:

0.11 mole). The intrinsic viscosity of the product is 0.926, and its viscosity is stable 

in melt state.

(4) Spinning. Polycapramide was heated at about  230° in a small brass

apparatus provided by a electric heater and the melt of polyamide was extruded through 

a small spinnerette at constant speed. The spinning conditions and properties of 

resultant fibers are shown in Table 5.
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Table 5.
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