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The polymerization of ethyleneimine catalyzed by water and by various 
organic acids has been investigated by dilatometric kinetic measurements 
and by paper-chromatographic examination of the products. Pure, dry 
ethyleneimiae reacts very slowly, kven at  high temperatures ; traces of water 
greatly increase the rate. Acid catalysts produce much greater rates even at  
lower temperatures ; water is not essential as a co-catalyst for these. The 
results are interpreted in terms of a stepwise reaction of iminium ions with 
uncharged imine-rings. Though the reaction is an addition polymerization, 
and there are, a t  any instant, only a small number of reactive iminium ions 
present, the overall characteristics are similar to those of a typical step- 
wise ply-condensation because of a v e r y  rapid “ transfer equilibrium ’’ of 
hydrogen ions between the various entities present. 

The kinetics of reaction for various acids have been examined. The 
fractional consumption of catalyst during the reaction is as great as, or 
greater than, the fractional consumption of monomer; the kinetics of 
monomer conversion are therefore largely determined by the kinetics of 
catalyst destruction and hence vary from one catalyst to another. With 
weak acids it is assumed that ion-pairs, rather than free iminium ions and 
cations, are present. 

OF the many polymerizations known only two, vinyl polymerization and polycondensation, 
have until recently been extensively investigated physicochemically to elucidate details 
of the reaction mechanism. Recently a third type, the formation of polypeptides from 
-Y-carboxy-a.nhydrides, has begun to be similarly investigated. Amongst polymerizations 
of which Little is known regarding exact details of mechanism (though much empirical 
information may be available) is the addition polymerization of the three-membered ring 
compound, ethyleneimine. The earlier investigations of Kern and Brenneisen (J .  prakt. 
Chem., 1941, 159, 193,219) and of Jones and his co-workers (Jones, Langsjoen, Neumann, 
and Zomlefer, J .  Org. Chem., 1944, 9, 125; Jones, ibid., p. 484) had established certain 
facts bearing on the mechanism, and these are summarized below. 

Amongst the findings of Kern and Brenneisen are the following : (i) Acids catalyze the 
polymerization. In  particular, 40% aqueous hydrogen bromide and borofluoroacetic, 
toluene-P-sulphonic, and sulphanilic acid were employed. (ii) Various bases known to 
catalyze the polymerization of ethylene oxide proved ineffective for the polymerization of 
ethyleneimine. (iii) Peroxides, used under similar conditions to those employed for the 
acid catalysts, did not cause polymerization, but since the conditions involved temperatures 
of 40” or 50°, a t  which the peroxides would not decompose appreciably, these experiments 
are inconclusive. (iv) Inhibitors of free-radical vinyl polymerizations do not inhibit 
ethyleneimine polymerization. (v) The reaction frequently proceeds explosively, partic- 
ularly if a certain catalyst concentration or a certain temperature is exceeded. (vi) The 
reaction catalyzed by sulphanilic acid seems to be intermediate between a first- and a 
second-order reaction in ethyleneimine. (vii) Acetylation of the polymer yielded a 1 : 1 
acetyl derivative, but benzoylation gave derivatives apparently containing more nitrogen 
than corresponded to a 1 : 1 compound. 

Jones and his co-workers found, amongst other results, that : (i) Ethyleneimine in the 
absence of ,catalysts is very stable, even at 150”. (ii) Substances which catalyze polymeriz- 
ation are those capable of producing quaternary iminium nitrogen, i.e., acids, alkylating 
agents, etc. (iii) The (refractometrically measured) kinetics of polymerization of ethylene- 
imhe  in dilute hydrochloric acid are complicated. The reaction is of a very high order in 
ethyleneimine, though the quarter-life is inversely proportional to the initial ethyleneimine 



[ 19551 

concentration ; the half-life was inversely proportional to the initial acid concentration. 
CH -cH, (iv) Benzoylation of poly(ethy1eneimine) gave a substance whose nitrogen 

content corresponded approximately to that of a 1 : 1 compound. 
It seem therefore that the reaction proceeds via iminium intermediates 

[e.g. (I)], but the course of the reaction is not clear and there is uncertainty 

\"/ 
NHR 
+ (I) 

as to whether the polymer is linear or branched. 

EXPERIMENTAL 
MaferiaZs.-TZle procedures used for preparing ethyleneimines followed these workers : 

Ethyleneimine, Wenker ( J .  A mey. Chew. SOC., 1935, 57, 2328). h--(n-Butyl)ethyleneifine, 
Elderfield and Hageman ( J .  Oyg. Clietn., 1949, 14, 605). X - (  2-Aminoethy1)ethyleneimine 
( ' I  ethyleneimine dimer ") from 2-amino-2'-hydroxydiethylamine (Jones et aZ., Zoc. cit.) . 

The acid catalysts used 
were recrystallized commercial samples. " AnalaR '' phenol was used without further 
purification. 

Density and Thermal Expansion of Ethyleneimine and Volume Change on mixing rvith Water.-- 
These quantities were required for the analysis of dilatometric kinetic measurements. Density 
was measured by distilling sodium-dried ethyleneimine in uacuo into dilatometers (1-mm. bore 
" Veridia " stems ; bulb capacity approx. 0.5 ml.) calibrated with absolute alcohol. G6 was 
0.831 f 0.001, and over the range 25-66" the volume coefficient of expansion was 1.3 X 
(volume per unit volume at  25" c per "c) .  By extrapolation dio0 should be 0.756 (Found, by 
immersing a dilatometer in a steam-bath, 0.752) (Gabriel and Stelzner, Ber.. 1895, 28, 2929, give 
the s. g. a t  24" as 0.8321, corresponding to G5 0.831, and Jones et al.. loc. cit., give 4; 0.835, 
corresponding to qb 0.832, both in agreement with the present value). 

The volume contraction on mixing ethyleneimine and water was measured in a small 
pycnometric flask and in dilatometers. Five measurements for mixtures ranging from 10% to 
70% (by wt.) of water gave a value of 23 + 4% for the change in volume per volume of water 
used in forming a 1 : 1 hydrate (i.e., where the molar concentration of water was greater than that 
of ethyleneimine, the volume change was calculatcd its a percentage of the volume of water 
equivalent to the ethyleneimine used). This volume change is much less than those for water 
plus methylamine or ethylamine, which (calculated from data in Beilstein's " Handbuch ") are 
of the order of 40-60~0. Similar esperiments on mixtures of ethyleneimine and ethanolamine 
showed that any volume change occurring was within the limits of experimental error. 

pKb of Ethyleneimine and of N-(n-ButyZ)ethyZeneiminc.-Certain features of the polymeriz- 
ation suggested that ethyleneimine was an abnormally weak base compared with aliphatic 
nmines. This was tested by pH titration of approximately 0.01N-ethyleneimhe solution with 
2N-hydrochloric acid at  25", with the arrangement described by Waley and Watson (Biochern. J., 
1953, 55, 328). The total titre was within 1% of the theoretical value, and the titration curve 
ivas perfectly reproducible. 

The basic dissociation constant Kb is defined as Kb = (BH+)(OH-)/(B), the terms in 
parentheses representing activities ; if the Debye-Huckel relation for activity coefficients is 
applied, then 

92-Butylamine and piperidine were fractionally distilled before use. 

PKb = PK, - pH - log[BH+]j[B] + 0-52/p - C'p, 

where C' is a constant and p the ionic strength (cf. Glasstone, "The Electrochemistry of 
Solutions," Methuen, London, 1937, Chap. IX). From the complete titration curve, PKb was 
calculated at  values of [BH+J/[B] from 0.1 to 5, neglecting C'p; ph'b so obtained ranged from 
6.045 to 6.155, corresponding to j < b  = 7 x 10-7 to 9 x 10-7. Kb for ethyleneimine is thus some 
100 times less than for most aliphatic amines. Similar measurements on N-(n-buty1)ethylene- 
imine gave Kb = 0-5 x 10-7 to 8 x lo-'. 

I t  seems likely that the abnormally low basicity of ethyleneimine and the instability of the 
three-membered ring under the influence of acids are related phenomena. The abnormal value 
to which the C-N-C bond-angle in ethyleneimine is constrained presumably affects the electronic 
structure and hence the availability of the nitrogen lone-pair electrons for dative-bond 
formation; correspondingly, if such a bond is formed by addition of a proton, the stability of 
the ring is impaired. 

Estimation of Percentage Conversion of the Reaction Mixture.-Kern and Brenneisen (Zoc. cit .)  
estimated the residual ethyleneimine by chilling to stop the reaction and distilling the ethylene- 
imine in uucuo into standard acid ; the back-titration of the excess of acid and a direct weighing 
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of the polymer residue gave concordant results, but in the writer's experience this method is 
unsatisfactory because it is difficult to know where to stop the distillation ; in a high vacuum 
some material distils readily but the distillation can be continued to give further material which 
is not ethyleneimine (being comparatively non-volatile and odourless) and must consist of low 
polymers. Further, it is well known from other polymer systems that the complete removal 
of monomer from polymer by mere distillation is very difficult, so that the employment of 
a low vacuum, in which only ethyleneimine distils readily, would not solve the problem. 

In each 
case the method was calibrated with solutions of poly(ethyleneimine), and possible changes in 
degree of polymerization (DP) with extent of reaction were neglected. In  fact these changes are 
of the greatest importance, as will be shown later, and the viscometric method is therefore 
valueless. The extent to which the refractometric method applies cannot be stated in view of 
the lack of data on polymers of different degrees of polymerization, but i t  is likely to be 
reasonably sound. 

In the present work reaction rates were followed dilatometrically. The dilatometers 
(below) were repeatedly washed with hot alcohol before use, attached to a high-vacuum line by 
standard ground joints, thoroughly pumped out, and weighed. Acid catalysts were introduced 
as solutions in a volatile solvent (chloroform, ether, or acetone) and the solvent was pumped off. 
Other materials (ethyleneimine, added amines, etc.) mere distilled into the dilatometers in 
uuczio ; known weights of water, ur-butylamine, ethyleneimine dimer, etc. were taken from 
graduated capillary reservoirs. The dilatometers were sealed off and weighed (after completion 
of the kinetic measurements) together with the ground-joint I '  stump," thus obtaining the total 
weight of the contents. 

From 
observations on very slow reactions i t  was concluded that the initial temperature equilibration 
in the thermostat was 17ery rapid (ca. 1 min.) and the level of the meniscus a t  zero time could be 
obtained by extrapolation. For experiments a t  100" the dilatometers were mounted in a glass 
I '  steam-tower " and continuous readings were taken ; temperature equilibration was slower 
(ca. 10 min.) but since the rates were all very slow extrapolation to zero time was again easy. 
A t  higher temperatures a ' I  vapour-tower," with different refluxing liquids, could be used, 
mere it not for a tendency of an appreciable fraction of the dilatometers to explode. There- 
fore an initial reading of the meniscus-to-top distance on the dilatometer was taken in a bath a t  
2 5 O ,  the dilatometer was then placed in a brass screw-cap tube and immersed in an oil-bath at  
130" or 160" for a certain time, withdrawn, chilled, and returned to the bath at  25" ; a t  least 6 hr. 
were then allowed for capillary drainage before the nest reading. Serious errors arise without 
such drainage, particularly if the mixture is fairly viscous. (The reaction rate a t  25" was shown 
to be negligible in these experiments). 

For all runs in the presence of added substances, the volume change was calculated as a 
percentage of the initial volume of ethyleneimine only (not of the total volume). 

Calibration of DiZatometric Method.-A Kjeldahl-type distillation was used. After a known 
volume contraction had occurred, the contents of the dilatometer were frozen into the bulb, 
which was cut off and dropped into approx. 40 ml. of ca. OSlN-alkali. About 30 ml. of this 
solution were distilled into cold standard hydrochloric acid and the excess of acid was back- 
titrated (methyl-orange). Distillation of a further 5 ml. of the remaining solution gave 
no further basic material, so that the method has an advantage over ' I  dry " distillation (see 
above). It is essential to distil from an alkaline solution, othenvise polymerization occurs 
during the distillation. As a check, known amounts of ethyleneimine were sealed in ampoules 
which were then broken under the solution to be distilled : 

Jones et al. (Zoc. cit.) estimated conversions viscometrically and refractometrically. 

The weight of ethyleneimine was deduced by difference. 
Readings a t  40" were obtained by observing the meniscus with a cathetometer. 

Contents of ampoule (mg.) ........................ 282 823 250 215 
Solution from which distilled H2O ..................... 0-IN-NaOH O.lN-NaOH 

..................... 252 213 
....................................... 101 99 

Titre equiv. of distillate (mg.) 241 
Recovery (%) 86 87 

:is, 

The end-point of the titration of ethyleneimine with dilute acid is quite stable a t  room 
temperature, but, on boiling, the solution becomes alkaline owing to the formation of 2-chloro- 
ethylamine (Gabriel, B e y . ,  1855, 21, 1049). 

Steam-distillations were camed out on a number of mistures which had reacted under 
various conditions. The results are summarized in the Table. Though there is some 
experimental scatter it will be seen that the conversion factor F increases a little as the 
conversion increases; this was at  first believed t o  be an artefact due to incomplete capillary 
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drainage of the more viscous, highly polymerized solutions, but careful attention to this failed 
to eliminate the trend. Subsequently an elucidation of the reaction mechanism provided a 
ready interpretation. 

TABLE. Volume contraction on polymerization of ethyleneimine. 
( a )  Reaction at 160°, volumes measured at 25'. No added catalyst. 

Water or catalyst 
added (%) * 

- 

0 
0.5 
3.0 
0 
0 
5.0 
2.0 
0 
0 
0 
1.0 
2.0 

3.60, BZ 
0.85, CA 
2.25, TS 
0.75. TS 
2-50, CA 
3-80, TS 
7-85, CA 

13  
3 

22 
23 

Conversion 
( % I  P 
31-8 0-1 74 
41-8 0-235 
69.1 0 4 3 3  
72.3 0.474 
72.5 0-475 
79.0 0.543 

Contraction (%) 

3.87 3.48 12-15 
4-98 4-70 11.9 
8-66 8.66 12.55 
9-23 9.48 12.75 
9.70 9.50 13.35 

Expt. Calc. F t  

10.18 10.84 12.9 

( b )  Reaction at 130°, voltmes measured at 25'. FVatcv added. 
28.6 0.156 3-30 3-08 11.5 
51-2 0-300 6.02 6.00 11.75 
54.1 0.322 6.53 6.44 12.1 
56.3 0-338 7.15 6.76 12.7 
59.5 0-363 7.20 7.26 12.1 
70-1 0.452 9.65 9-04 13.75 
71.7 0.467 9.75 9-34 13.6 
73.4 0-484 10.30 9.68 14.0 
74.3 0-494 10-31 9.88 13-9 
75.0 0.500 1042  10.00 13.9 
80-5 0-558 11.28 11.16 14.0 
86.2 0.602 12.2 12-04 14-2 

(c )  Reacfioii at 40°, volumes measured at 40". 
36-3 0.202 4-02 
63.6 0-397 8.19 
70-6 0.458 8.92 
73.7 0.487 9-75 
77.8 0.529 10-80 
83.8 0.597 12.30 
91.8 0-714 13.35 

Catalyst added. 
4-04 11.1 
7.94 12-9 
9-16 12.65 
9.74 13.25 

10.58 13.9 
11-94 14.7 
14.28 14.55 

( d )  Reacfio?i at loo", volumes ineastwed at 100". Water added. 
53.0 0.314 8.1 7.85 15.3 
59.4 0.362 9.55 9-05 16-1 
80.4 0.557 14.4 13.9 17.9 
81.5 0.569 13.2 14.2 16-2 

Fdc. 
10.95 
11-25 
12-55 
13.1 
13.1 
13.75 

10.8 
11-7 
11-9 
12.0 
12.2 
12.9 
13.05 
13.2 
13.3 
13-35 
13-85 
14-05 

11.15 
12-45 
13.0 
13.25 
13.6 
14.26 
15.5 

14-8 
15-3 
17.3 
17-45 

* BZ = benzoic acid, C-4 = chloroacetic acid, TS = toluene-p-sulphonic acid. 
f F = conversion factor = percentage volume contraction for 100% conversion of monomer to 

polymers. 
= calculated conversion factor. 

Intevfiretatioiz of Dilatometvic Data.-Since the polymerization of ethyleneimine is essentially 
stepwise the main product in the early stages is ethyleneimine dimer, and the mean degree of 
polymerization of the polymer increases throughout the reaction. The density of the dimer is 
given by Jones et aZ. (Zoc. cit.) as 0.92, so the volume contraction for conversion into the dimer 
is 9.3% to which figure the conversion factor should extrapolate a t  very low conversions. At 
higher conversions the volume contraction due to consumption of monomer will have super- 
imposed on it contractions due to the reaction of polymer molecules with one another. To 
examine this point further, we shall assume that (i) the molecular weight distribution is similar 
to that calculated by Flory for polycondensations ( J .  Amer. Chem. Soc., 1936, 58, 1877 ; 1939, 
61, 3339) and is independent of the rate of reaction, temperature, etc. (the reasons for these 
assumptions will be discussed in connection with the reaction mechanism), and (ii) the volume 
contraction accompanying the opening of an ethyleneimine ring is independent of the attached 
structure, e.g., the reaction of trimer with dimer produces the same volume change as two 
monomer molecules' reacting. 

According to Flory's equations, i f  p is the fraction of functional units (imine rings in this 
case) which have reacted (i.e., opened to linear structures), then the fraction x of monomer 
remaining is 

x = (1 - p)z  . . . . . . . . . - (1) 
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From the percentage conversion, 100 [l - (1 - p ) 7 ,  p is known. The percentage volume 
contraction can then be calculated, by assuming it  to be proportional to p and taking the value 
of 9.3% contraction a t  25" forp = 0.5, derived from the densities of monomer and dimer.* In 
fact i t  was found that if a value of 10.06//0 contraction for p = 0.5 was adopted instead (corre- 
sponding to a dimer density of 0.925), the calculated conversion factors agreed with the values 
experimentally determined at  25" within the estimated limits of the total experimental error 
(cf. Table). 

Results a t  40", of experiments with various acid catalysts, can be very well fitted in the same 
way as those a t  25", by taking 10% contraction for p = 0.5. A s d e r  number of measure- 
ments a t  100" are also shown in the Table ; these are more erratic, but can be reasonably inter- 
preted in terms of a volume change of 12.5% at  100" for the conversion of monomer into dimer. 

Chromatographic Techniqw.-Paper chromatograms were run downwards on Whatman No. 1 
filter paper using butanol-acetic acid-water-pyridine (9 : 2 : 4 : 6).  The spots were developed 
with ninhydrin, or with cobalt chloride-ninhydrin (Wiggins and Williams, Nutwe, 1952, 170, 
279). With these reagents the various ethyleneimine polymers give purplish-mauve and 
salmon-coloured spots, respectively, with the exception of the dimer which gives a more 
yellowish-brown spot. The colours are presumably due to terminal *NH, groups, not to 
*NH* groups in the chain, since the ninhydrin-blue colour is developed with pnmary but not 
with secondary amines. Ethyleneimine itself gives no colour with ninhydrin, and piperazine 
[alleged by Jones et aZ. (Zoc. cit.) to be formed as a polymerization by-product] gives a very faint 
brownish spot. 

The dimer spot was identified by running a marker of the synthesized material, and the 
spots of successively lower IL'p were taken to be trimer, tetramer, etc. A fresh chromatogram 
may reveal up to seven discernible spots or bands (i.e., up to the octamer), with an unresolved 
" streak " of higher polymer. In addition, two very faint spots are sometimes found of higher 
I?, than the dimer spot; these were shown by markers to be caused by minute traces of ethanol- 
amine and 2-amino-Z'-hydroxydiethylamine (the hydrolysis product of the dimer) , respectively. 

Amino-alcohols give deep reddish-purple spots. 

DISCUSSION 
Mechanism and Chromato,ara$Juk Examination of the Reaction.- Jones et al. (Zoc. cit .)  

suggested that the polymerization of ethyleneimine proceeded via ionic intermediates, 
thus : 

. . . . (i) 
H,C-CH, H,C-CII, H&-CH, 

+NHCH,CH,.NHR +XH (CH,.CH,-SH) 2E . . (ii) 
H2C- IT,C----CH, H2C-CH, etc. 

In  order to  account for the catalysis by, for example, benzyl halides, i t  was assumed that 
R need not be H but could also be an organic radical. Termination ( z k ,  deactivation of 
the reactive iminium ions) could occur either by proton abstraction : 

+NH.iCI~,-C€I,.T\TH],*R N.[CH,.CH,.SH],*R 
4 - B -  /'\ + FIB+ . . (iii) 

H,C-CH, / \  
H2C- CH, 

Reactive Unreact ive 

(where B is any base, such as a monomer molecule, amino- or imino-nitrogen in a polymer, 
an anion, water, etc.) or by ring opening with an anion : 

+NH*[CH2CH,.XHj,.R 
/ \  4- s- __t );.[CII,.CHp.SII],,,.R . . . (iv) 

H,C-CH, 

In  reaction (iv), the place of X- could, hypothetically, be taken by amino-nitrogen in a 
polymer molecule, the product then being a branched polymer-ion. 

Two important implications of such a reaction scheme were overlooked by Jones et aZ. 
(Zoc. cit.). The actual 

XH,-CH,.NH --+ ~ N C H , . C H , . N H ~ .  

First, reaction (iii) should obviously be written as an equilibrium. 
* The conversion of monomer into diriier corresponds to half the initial rings being opened, thus  
I 
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polymer-growth is relatively slow and protons will always be distributed amongst the various 
basic centres in the polymerizing mixture. If it is assumed that the basicities of the imino- 
nitrogen in the monomer and in the polymer molecule are similar, it follows that in the 
early stages of reaction most of the protons will be attached to monomer molecules and 
therefore most of the product will be dimer. Only as the dimer concentration becomes 
significant compared with the monomer concentration will appreciable quantities of 
trimer, tetramer, and higher polymers be formed. The mean degree of polymerization will 
rise throughout the reaction and towards the end all lower species such as monomer, dimer, 
and trimer will disappear. This has been confirmed from a series of chromatograms 
of the products of a reaction of ethyleneimine containing 3.6% of chloroacetic acid a t  40". 
Two drops of the reaction mixture were withdrawn at various times and dissolved in 0 . 1 ~ -  
sodium hydroxide to stop the reaction; these samples were chromatographed. The 
approximate conversion was estimated by dilatometric measurements on an identical 
reaction mixture. 

By analogy with the transfer reaction in vinyl polymerization (Flory, J .  Amer. C h e w  
Soc., 1937,59,241), we may speak here of " transfer equilibrium." Its consequence is that 
while there are only a limited number of reactive centres, as in a vinyl polymerization, yet 
the degree of polymerization rises throughout the reaction, as in a polycondensation where 
all molecules have reactive groups. Further, the distribution of protons amongst the 
various species will only be a function of their relative concentrations and basic strengths; 
the molecular-weight distribution a t  a given conversion will be independent of the catalyst 
used or of its concentration, as is found experimentally. It is, of course, conceivable that 
similar transfer equilibria would operate in other types of ionic polymerizations, such as 
cationic vinyl polymerizations (cf. Pepper, Quart. Rev., 1954, 8, SS), but experimental 
evidence is lacking. 

The second aspect not discussed by Jones et al. (Zoc. cit.) is the addition reaction of two 
poly(ethy1eneimine) molecules. There is no reason why such a reaction should not occur, 
since it is no different in kind from the polymerization of other N-substituted ethylene- 
imines. Chromatograms show that this reaction of polymers with one another undoubtedly 
occurs, since prolonged reaction causes all low polymer species to disappear, though there 
would be insufficient monomer left for them to be converted into high polymers by 
addition of monomer only ; furthermore, the self-polymerization of the synthesized " ethyl- 
eneimine-dimer " has been demonstrated by Jones et al. (Zoc. cit.). Some aspects of this 
matter, which bear on the general polymerization mechanism of N-substituted ethyl- 
eneimines, will be discussed in the following paper. 

We shall consider a reaction mixture for .which the following are assumed : (a) All 
ethyleneimine rings (whether monomeric or at the end of a polymer chain) are of equal 
reactivity. (b)  All nitrogen atoms ( i e . ,  amino- and imino-centres) are of equal basicity; 
with this assumption the percentage of any particular basic species B present as BH+ 
remains constant throughout a polymerization for a given total acid concentration, and the 
kinetic treatment is thereby greatly facilitated. (c) There is an instantaneous transfer 
equilibrium (as previously described) so that all imine rings can be regarded as having the 
same functionality, even though a t  any instant only a part of them will have protons 
attached. 

On this basis the formal treatment of molecular-weight distribution becomes identical 
with Flory's (locc. cit.) (cf. p. 2567). In  addition we shall also assume (d)  that the catalyst 
concentration does not change sigmficantly during the reaction. The formal treatment of 
polymerization rates then becomes very simple. The aspect of particular interest here is 
that the reaction is of the second order in " imine-rings " [cf. reaction (ii) and assumption 
(b)] ,  and therefore 

1/(1 - 9 )  - 1 =9/(1 - 9 )  = k t  . . , . . . (2) 

. . . . . . . . (3) 
By substitution from (1) 

x - 0 . 5  - 1 = kt 

The form of this equation is that for a reaction of order 1.5 with respect to monomer. 
[Though the molecular-weight distribution functions which obtain here are the same as 

4 P  
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those developed by Flory (Zocc. cit.), the rate equations are not the same because of the 
chemical differences between the two systems.] Our kinetic results will be examined in 
relation to the scheme just discussed, to decide what modifications (if any) of the original 
assumptions must be made. 

KINETIC RESVLTS 
The Catalytic Action of Watev.-Pvepavatioiz of dry ethylemirnine. The ethyleneimine 

used in the early stages of this work was kept over freshly-cut sodium in a flask attached to the 
vacuum line, and was distilled in vacuo into a storage vessel next day. A certain 
irreproducibility in the results so obtained was attributed to varying amounts of water, and the 
ethyleneimine was subjected to additional drying. After standing over sodium for several 
days, the dry ethyleneimine was distilled in vatu0 on to fresh sodium which had been heated 
in vucuo. If cooled by solid carbon dioxide the sodium slowly dissolved to give a deep blue 
solution; this colour must be related to that of solutions of sodium in liquid ammonia and of 
other alkali metals in certain simple aliphatic amines (cf. Moissan, Compt. vend., 1899, 128, 26; 
Rengade, ibid., 1905, 140, 246; 141, 196). On warming, the blue colour faded and hydrogen 
was evolved, the final product being, presumably, N-sodio-ethyleneimine ; a yellowish-white 

FIG. 1. Efjeect of drying of ethylmeinzinc oiz 
rate of polymerization at 130". 

23-0 500 750 
liine (h) 

0 After single sodium-drying. 
A After special drying procedure. 

FIG. 3. Reaction c o w s e  for  diffuent acid catalysts at 40'. 
/.O 

0.75 

0.5 

$ 

250 500 750 /ooo 
Time (min) 

Codcentrations in moles/1000 g. of mixture. A ,  0 . 6 2 5 ~ -  
chloroacetic acid ; O,O~54rd-toluene-p-sulphonic acid ; 
A, 1.00M-benzoic acid ; 0, 0~88~-dichlorophenol. 

powder is deposited if appreciable quantities of sodium are allowed to react. The ethylene- 
imine was allowed to dissolve sodium till some of the derivative was precipitated, and was then 
distilled in vacuo into another flask which had been carefully pumped out. It is significant 
that no blue colour with sodium was formed, even in the cold, if the ethyleneimine had not 
been subjected to the preliminary sodium-drying; the blue colour is evidently very readily 
destroyed by traces of water. 

Kinetic measuvements. Fig. 1 shows the course of reaction a t  130" for ethyleneimine 
subjected to one sodium-drying only and for ethyleneimine treated by the special drying 
procedure. The removal of the last traces of water very greatly reduces the reaction rate, and 
it is likely, particularly in view of the reaction mechanism developed later, that perfectly dry 
ethyleneimine would not polymerize at  these temperatures. 

The curve for partially dried ethyleneimine in Fig. 1 is similar to those obtained with the 
specially dried ethyleneimine to which known small amounts of water ( ( 5 %  by weight) had 
been added. A general feature of all these curves is that the initial reaction rate declines 
rapidly before a significant fraction of the ethyleneimine has been consumed. This is best 
shown by assuming that the reaction is of some particular order with respect to ethyleneimine 
monomer ( x )  or unopened rings (1 - p ) ,  and plotting the corresponding kinetic function which 
should be linear with time. The graphs are roughly linear for values of p above about 0.13, 



[ 19551 257 1 

i.e., for monomer conversions greater than about 25y0 ; below that value, the reaction rate is 
relatively much too fast and declines rapidly with increasing conversion. If the reaction is 
supposed to be of higher order, say second order in monomer, then the corresponding plot 
[( 1 - $)* - 13 against t is again approximately linear, this time down to conversions of 
approximately 20%, but below that there is still a marked fast phase. (As will be shown, 
other acid catalysts show a similar phenomenon.) 

The possibility that the volume change observed in the fast phase of the reaction might be 

attributable to an initial conversion of water into ethanolamine, kH,-CH,*NH + H,O ---t 
HO*CH,*CH,*NH,, was considered. The volume change for this reaction calculated from the 
densities and volume changes on mixing is 287; of the volume of water reacting. This was 
found to bear no relation to the volume contraction in the initial fast phase, which seems 
practically independent of the water concentration, Further, chromatograms show that 
ethanolamine is formed only in minute traces. 

Though the shape of the reaction curve is reproducible, the actual reaction rates varied by 
up to a factor of two, probably because during the long reaction times at  the high temperatures 
involved traces of materials affecting the hydrogen-ion concentration are leached out of the 
glass; as 1111 be shown, the reaction is catalyzed by hydrogen ions. Unsuccessful attempts 
were made to use silica dilatometers. These could be burnt out before use, but it appeared 
that ethyleneimine was afterwards very firmly adsorbed on the silica surface because charring 
always occurred on sealing off the dilatometers, even though the bulb was cooled in liquid air. 
The only generalizations possible are that the rate increases somewhat with increasing water 
concentration, and that rates a t  100" are some 2-3 times less than those for corresponding 
mixtures a t  130". At 40" ethyleneimine containing 1% of water did not react detectably during 
several weeks. 

Reactions in the presence of added acid catalysts proved reproducible and detailed kinetic 
conclusions could be drawn. 

The Reaction catalyzed by Added Acids.-The rate of polymerization of ethyleneimine in 
the presence of various acids was examined to ascertain the nature of the conversion-the 
curve, the dependence of rate on acid concentration, and the relative catalytic efficiency of 
the various acids. Five catalysts, toluene-p-sulphonic acid (2 x monochloroacetic 
acid (1.5 x lod3), benzoic acid (6-5 x 2 : 4dichlorophenol (3.1 x and phenol 
(1.3 x were used; the figures in parentheses are the appropriate dissociation 
constants K in aqueous solution at 25" (Heilbron and Bunbury, " Dictionary of Organic 
Compounds," Eyre and Spottiswoode, London, 1943), except that for toluene-9-sulphonic 
acid no value was available and the acid was assumed to be of the same strength as benzene- 
sulphonic acid. In aqueous solution the use of these acids would cover a wide range of 
hydrogen-ion concentrations. The corresponding K's in ethyleneimine solution are not 
known but, if the various acids are all practically completely dissociated, equivalent 
concentrations should show similar catalytic effects. This expectation was only partially 
fulfilled. 

Fig. 2 shows 
the course of reaction for typical runs with four different acid catalysts. The results are 
arbitrarily plotted according to equation (2). 

First, chloroacetic and toluene-9-sulphonic acids have similar catalytic activity, benzoic 
acid is less effective, and dichlorophenol less again, i.e., the sequence is similar to that of 
the acid strengths in aqueous solution. Further, phenol, an even weaker acid, shows 
hardly any catalytic activity (cf. p. 2576); and water, which presumably promotes 
polymerization (at higher temperatures) by acting as an extremely weak acid, produces no 
detectable reaction rate at 40". [It may be noted that water does not seem to be a 
necessary co-catalyst for other acids, as appears to be the case with certain ionic vinyl 
polymerizations (cf. Pepper, Zoc. cit.) ; reactions catalyzed by chloroacetic or toluene-p- 
sulphonic acids were carried out with the specially dried ethyleneimine and with 3% of 
added water, and the reaction rates agreed within experimental error.] 

Secondly, the reaction curves in Fig. 2 all show a progressively decreasing slope, the 
decrease being particularly pronounced in the early stages (cf. Fig. 1).  This effect is 
definitely not due to some sort of physical adjustment, since ethyleneimine without a 

General features of the reaction, and evidence fo r  consumption of catalyst. 

Two points are to be noted. 
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catalyst does not show any volume change over long periods a t  40'. It is therefore 
necessary to reject either assumption (b)  or assumption ( d )  (see p. 2569) and assume 
instead (e) that the amino-nitrogen atoms in the polymer are of greater basicity than the 
imino-nitrogen atoms in monomer or polymer, and compete effectively for protons which 
would otherwise activate imino-rings, or (f) that the catalyst is consumed during the 
reaction. The rejection of assumption (a) does not help, since a considerable decline 
in rate takes place before more than a small fraction of the ethyleneimine has reacted 
(cf. Fig. 3). 

Assumption (e) seems a priori unlikely; although ethyleneimine in aqueous solution is 
a weaker base than most aliphatic amines, the acid or basic character of a group in a 
polyacid or polybase is generally less pronounced than that of the same group in the 
monomeric analogue [i.e., poly(ethy1eneimine) would be a weaker base than, say, dimethyl- 
amine], and the range of basic strengths of substances in non-aqueous media is small 
compared with that in aqueous solutions (cf. Hall, .J. Awzer. Ckent. SOC., 1930, 52, 5115). 
Nevertheless experiments were carried out. The chloroacetic acid-catalyzed polymeriz- 
ation of ethyleneimine in the presence of 10-15:; of initially added bases (ethyleneiniine 
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dimer, n-butylamine, or piperidine) was compared with a similar run in the absence of 
added amines. (If ethyleneimine is an abnormally weak base even in non-aqueous media, 
the addition of other bases should retard the reaction considerably.) Butylamine and 
piperidine showed only very small retarding effects which could be attributed to the 
dilution of the ethyleneimine. Fig. 3 shows the course of reaction, at the same initial acid 
concentration, for (i) ethyleneimine alone, (ii) ethyleneimine plus 10% of dinier, (iii) as (i) 
but recalculated by taking the new zero time as the time when 10% of ethyleneimine had 
been converted into dimer. If there were no destruction of catalyst, (ii) and (iii) should 
coincide. It 
follows that the retardation in the early stages of reaction is not due to dimer formation 
but must be caused by a decrease in catalyst concentration. 

It is known that hydrochloric 
and sulphurous acid, both of which polymerize ethyleneimine, can also give 2-chloroethyl- 
amine and taurine respectively (Gabriel, Ber., 1888, 21, 1049, 2664), and similar reactions 
can presumably occur with other acids. Jones et nZ. (Zoc. cit.) had already tentatively 
suggested that the consumption of acid was responsible for the rapid decrease of the 
polymerization rate in dilute hydrochloric acid. 

To analyze the reaction rates further it is important to bear in iiiincl that the molecular- 
weight distribution a t  a given conversion is independent of the nature or concentration of 
the acid catalyst; the relative distribution of protons amongst the various basic centres 
(i.e., imino-nitrogen in monomer and polymer ; primary and secondary aminonitrogen in 
polymer) is therefore also the same. Consequently a t  any given stage of conversion the 

In actual fact, (i) and (ii) coincide reasonably but (iii) is much slower. 

This consumption of the acid catalyst is not surprising. 
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rate of reaction (between a charged and an uncharged imine-ring) will be proportional to 
the concentration of available protons. 

We may write 
2. Y 

-d[hIl/dt = 2 K,[M,][M,H+] . . (4) 

where M, represents an uncharged ethyleneimine-ring with a " tail " whose DP is (x  - 1) 
and M,H+ a charged ethyleneimine-ring with a " tail " of DP ( y  - 1) ; [MI represents the 
total concentration of imine-rings, both charged and uncharged. The ratio [M,H+]/CBH', 
where B is any basic centre, will be determined only by the extent of conversion of the 
reaction mixture, and is independent of the nature and concentration of the catalyst. 

Results for four different acid 
catalysts a t  40" are shown in Figs. 4 - 7 .  The percentage volume contraction is plotted 
against the function 

E f e c t  of initial acid concentration o n  reaction rate. 

[time x catalyst concentration (wt. %)]/(dilution factor) 

where the dilution factor = 1 + (0.01 x the percentage concentration of catalyst, is intro- 
duced as a rough compensation for the reduction in initial ethyleneimine concentration b y  
the added catalyst ; the factor was always less than 1-15. 

FIG. 6. F I G .  1. 
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FIG. 4. Depezidence of reaction raft! on initial chlovoaceiic acid conceizlratioiz at  40". 

D2pe~dence of reaction rate on  inilia1 toluene-p-sulphonic acid conceiik*ation at 40'. 

0, 6.010,/, ; A, 3.850/, ; 0, 2.30% ; V, 1.30:/, (by weight). 

FIG. 5 .  
0, 9.230,; ; +, 3.81% ; x, 0.75% (by weight). 

(a) Tolueize-p-sulpho?zz'c acid. Fig. 5 shows that results obtained over a 13-fold variation 
in initial toluenesulphonic acid are very satisfactorily represented by a single curve, so 
although catalyst is consumed during the reaction, the rate is a t  all times proportional to 
the initial acid concentration [HA], : 

. . . . . . . .  -d[w/dt cc [HA4], (5) 
The similarity in catalytic activity of chloroacetic and toluene-j5-sulphonic acid (Fig. 2) 

Con- 
Now as [M,H+]/E[BH+] 

suggests that both these acids are practically completely ionized in ethyleneimine. 
sequently X[BH+] = [HA], the acid concentration at  time f. 
is independent of acid concentration 

. . . . . . .  [hl,H+] oc [HA] - (6) 
and from (4) and (6), -d[M]/d t  cc [HA] - (7) . . . . . . .  
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i.e., the rate at time t is proportional to the acid concentration at  that moment. For (5) 
and (7) to hold simultaneously, the fractional decrease in acid concentration must bear a 
constant ratio to the fractional decrease in monomer concentration [MI, i.e., 

* (8) 

(9) 

= K  . . . . . .  

Combining (7) and (S), we have -d[HA]/dt cc [HAI2 . . . . . . . 
This second-order dependence accords with a consumption of acids by the reaction 

FIG. 7. Total amount of reaction at low 
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fully understandable in terms of acid consumption by reaction (v), giving products 
analogous to those prepared with hydrochloric and sulphurous acid (cf. p. 2572). 

The observations by Jones et al. (Zoc. cit.) that the hydrochloric acid-catalyzed polymeriz- 
ation is of an apparently very high initial order with regard to ethyleneimine but that the 
half-life is inversely proportional to the initial acid concentration, are exactly analogous to 
the present (more detailed) results on the toluene-$-sulphonic acid system. There is little 
doubt, therefore, that the same explanation of the kinetics holds in both cases, particularly 
as in the hydrochloric acid case 2-chloroethylamine is known to be formed [cf. reaction (v)]. 

(b) Cltloroacetic acid. Fig. 4 shows results over an approximately five-fold range of chloro- 
acetic acid concentrations, plotted in the same way as in Fig. 5. The state of affairs is less 
simple than for toluene-9-sulphonic acid, as the rate is somewhat more than first-order 
with regard to initial acid concentration. A complicating factor is the possible reaction 

CH,*CH,*NH + Cl*CH,*CO,H + CH,-CH,=N=CH,*CO,H + HC1. Thus there may be 
three different acid species present a t  any one time, all with their own characteristic rate of 
destruction by reaction (v). In view of this, a more detailed kinetic analysis of the 
catalysis by chloroacetic acid was not attempted. 

- - 
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Fig. 6 shows the dependence of rate on initial benzoic acid con- 
centration. Here the state of affairs is strikingly different from that in Figs. 4 and 5 and 
the overall rate is clearly greater than first order with respect to initial acid concentration. 
The divergence is particularly pronounced in the later stages of reaction, where the runs a t  
low benzoic acid concentration practically stop even though most of the ethyleneimine has 
still not reacted. The final total amount of reaction can, in these cases, be accurately 
estimated and is accurately proportional to the initial acid concentration (see Fig. 7). 

In  attempting to  explain the results in Figs. 6 and 7, it is necessary also to recall the 
data of Fig. 2, showing that the catalytic action of benzoic acid is much less than that of 
stronger acids, even in the initial stages of reaction. For the stronger acids we have 

assumed complete dissociation, thus e.g. ,  CH,-CH,*NH + HA --w CH,*CH,*N+H, + A-. 
To account for the lower catalytic activity of a weak acid, we may write the above reaction 
as an equilibrium, and assume a considerable amount of undissociated HA to be present ; 

+NH A- or we can assume that with a weak acid an ion-pair complex (11) rather than 
/ \2 free ions are formed, and that the catalytic activity of such an ion-pair ( i .e .  its 

HzC-CH, tendency to ring-rupture) is less than that of a free iminium ion. The 
(11) possibility of such ion-pairs’ participating in ionic vinyl polymerizations has 

been discussed occasionally (cf. Pepper, Zoc. cit., p, 103). 
Various reaction schemes based on the first of these assumptions were examined, but 

none explained the simple linear result in Fig. 7 ; introduction of an equilibrium generally 
produces a square-root dependence. On the other hand, the results of Figs. 6 and 7 are 
readily understood in terms of the second assumption, assuming further that the equilibrium 
lies completely over to the ion-pair side. For -d[M]/dt the treatment is then exactly 
analogous to that for toluene-9-sulphonic acid, the concentration of free iminium ions 
simply being replaced by the concentration oi ion-pairs, and equation (7) holds. However, 
the destruction of catalyst, which was previously a second-order reaction (v), now becomes 
a first-order reaction of the ion-pair, and thereiore 

(c) Benzoic acid. 

- - 

-d[HA]/dt cc [HA] . . . . . . . . (11) 

K[HA] . . . . . . (12) 

Consequently equation (8) for strong acids is replaced for weak acids by 

----= 
[MI d[M1/ dt [HA] d[HA1 dt 

According to equation (12), the fractional decrease in catalyst concentration (and hence 
in rate) relative to the fractional decrease in monomer concentration would be greater the 
lower the acid concentration ; in other words, the initial rate would decline most rapidly for 
the most dilute acid solution, as is the case in Fig. 6. 

With regard to the limited total amount of reaction (A[M]) occurring at  very low benzoic 
acid concentrations (Fig. 7), we assume that, because the conversion of ethyleneimine is 
very small, reactions of polymeric products can be neglected. We then have : 

(i) Monomer consumed by - - - 
CH,*CH,*N + H,]A- + CH,-CH,*NH __t NH,*CH,*CH2eN + H*CH,*CH,]A- 

Rate = K[M][HA] = -d[M]/dt . . . . . . (13) 
where [HA] = total acid concentration = concentration of ion pairs. 

(ii) Acid consumed by CH,.CH,-N+H&A- N&*CH,*CH,*A 

Rate =K’[HA] = -d[HA]/dt . . . . . . (14) 

Hence d[M]/d[HA] = k[Ml/K’ . . . . . . . . (15) 

A[W/A[HA] = k“ . . . . . . . . (16) 

Since [MI remains practically constant in the experiments of Fig. 7, we have from (15) 
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As all the acid is finally consumed, it follows from (16) that 

(17) A[M] = K”[HA], . . . . . . . . . 
t + W  

i.e., the total monomer consumption is proportional to the initial acid concentration, as 
found (Fig. 7). 

It is concluded that the assumption of ion-pairs rather than of free ions fully explains 
the differences in kinetic behaviour between the strong .toluene-9-sulphonic acid and the 
weak benzoic acid. It is possible that the data in Fig. 5 indicate chloroacetic acid to be an 
intermediate case. 

In aqueous solution this is an even weaker acid than benzoic 
acid. Fig. 8 illustrates its catalytic effect on the polymerization of ethyleneimine, plotted 
as for the other acids. The rate is slower than with an equivalent concentration of 
benzoic acid (cf. Fig. Z), but the nature of the reaction curves is the same (cf. Figs. 6 and 
S), and the interpretation suggested for benzoic acid presumably applies, with different 
velocity constants, to 2 : 4-dichlorophenol also. 

(d) 2 : 4-Dichlorophertol. 

FIG. 8. Depetidence of reaction rate on initial 2 : 4- 
diihlovophenol concentration at 40’. 

A ,  14.3%. 
0, 8.55%. 
u, 4.52%. 
V, 2-170,/, (by weight). 

Erne (min.) x % catalyst  (bywk)/dlUfjoon 

(e) Phenol. Early experiments employing phenol proved very irreproducible. A 
stock solution of phenol in chloroform was used; the reaction rate at a given phenol con- 
centration, though always very slow, increased with the age of this solution. This effect 
was ascribed to the production of hydrogen chloride by decomposition of the chloroform ; 
traces of this strong acid would give pronounced effects compared to the very slight activity 
of phenol. In  confirmation, the use of stock solutions of phenol in ether gave reproducible 
rates which were somewhat lower than if a freshly prepared chloroform solution was used, 
and much lower than if the solution in chloroform was old. 

No comparable difficulty was encountered with other acid catalysts ; ether, acetone, and 
chloroform solutions all gave similar results. Phenol is a particularly unfavourable case in 
that its catalytic activity is very slight (at 40” ethyleneimine containing 9% of phenol con- 
tracts by 1.4% in 300 hrs. compared with 90 min. for 2 : 4-dichlorophenol). Further, 
the material separates as a liquid when the solvent is pumped off, and is therefore more 
likely to retain hydrogen chloride than a crystalline acid residue would be. 

The detailed kinetics of the phenol-catalyzed reaction were not examined. 
The results of Kern and Feuerstein (loc. cit .). Two phenomena observed by these authors 

(cf. p. 2564) require brief mention here. First, an examination of their rather limited data 
on the reaction in the presence of sulphanilic acid show a reaction course very similar to 
that observed here with toluene-fi-sulphonic acid. Secondly, the explosive course of the 
reaction at high temperatures and catalyst concentrations is almost certainly due to 
inadequate dissipation of the heat of polymerization at  high rates of reaction. 



Summary.-Although the polymerization of ethyleneimine is an addition polymeriz- 
ation, it differs from a vinyl addition polymerization (radical or ionic) in two fundamental 
respects. First, the existence of a " transfer equilibrium " entails that all monomer and 
PoZymer molecules are potentially capable of activation or deactivation, and thus produces 
certain kinetic features similar to those of condensation polymerizations. Secondly, the 
fractional consumption of catalyst is generally greater than that of monomer, whereas in 
other polymerizations the reverse tends to be the case; the detailed kinetics of monomer 
conversion are therefore largely determined by the kinetics of catalyst destruction, and 
hence may vary from one catalyst to another. 
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