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The Distribution of Compou;nds Formed in the Reaction
between Ethylene Oxide and Water, Ethanol, Ethylene
Glycol, or Ethylene Glycol Monoethyl Ether *

BENGT WEIBULL and BERTIL NYCANDER

Research Laboratory, Mo och Domsjo AB, Ornskoldsvik, Sweden

Addition of ethylene oxide to compounds containing an active
hydrogen atom leads to a series of consecutive reactions. A theory is
developed for the distribution of the compounds formed. The assump-
tion is made that all steps except the first one are kinetically identical.
It is shown that the distribution is determined by the proportion
between the starting materials and by the ratio of the identical rates
of the higher steps to the rate of the first one. The theory is tested by
experiment and also by recalculation of prekusly published data.
The agreement is satisfactory.

Compounds containing an aetive hydrogen atom react with ethylene oxide
to give a series of consecutive, irreversible, competitive reactions, in which
a reactive hydroxyl group is formed in every step. With ethanol for instance,.
the reactions are:

C,H,OH + c\fxfn. ——> C,H,0CH,CH,0H

C,H,0CH,CH,0H + ({H,/CH, ——> C,H,0CH,CH,0CH,CH,0H etc.

From both theoretical and, technical points of view it is important to know
the distribution of compounds obtained under various conditions. Before this
problem is considered, a few words must be said concerning the molecular
mechanism of the reaction. Ingold ! recently gave a survey of this question.
It seems to be agreed that the reaction is a nucleophilic substitution by means
of the reactive group on a carbon atom of ethylene oxide or its conjugate acid.

. * Part of this work was presented at the XIIIth International Congress of Pure and Applied
Chemistry, Stockholm 1953.
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848 WEIBULL AND NYCANDER

Under acid or neutral conditions the nucleophilic reagent in the example cited
above is the undissociated alcohol, but under alkaline conditions the reagent
is the corresponding base, i.e. the alcoholate ion. The various mechanisms
will affect the distribution of the products formed. The simple, uncatalysed
reaction will first be considered, and the treatment will then be modified for
the catalysed reactions. ‘ ‘

Flory % in 1940 calculated the distribution of products in the reaction of
ethylene oxide with a compound with a reactive group. He made the assump-
tion, that all steps in the reaction sequence are kinetically identical and
showed that a Poisson distribution results. '

Natta et al. 35 considered the distribution of products in a series of conse-
cutive competitive reactions where the various steps proceed with different
rates. He arrived at formulae in which the concentrations of the various
products were obtained as functions of the concentration of the remaining,
unchanged starting material. In principle the same formulae were derived as
early as 1906 by Abel ® who considered the stepwise saponification of esters
of polyvalent alcohols. Martin and Fuchs? obtained the same formulae for the
case of the stepwise chlorination of alkanes.

All of these authors, except Flory, derived their expressions assuming
second order kinetics and a constant volume throughout the reaction. Fuoss 8
discussed four consecutive reactions and adopted a method using reaction
probabilities for the derivation of the distribution of compounds. His results
were identical with those obtained by the kinetic method, as pointed out
by Potter and Macdonald °. :

The assumption of Flory that all steps are kinetically identical is, in most
cases, an over-simplification. On the other hand the formulae of Natta are
very cumbersome, so it seemed justified to find a reasonable approximation.
As is seen from the reaction scheme the reactive hydroxyl group is bound to
an oxyethylene group in every step except the first one. It therefore seemed
chemically justified to assume that all steps except the first one proceed with
equal rate. :

In the technical manufacture of glycol products, ethylene oxide is generally
added continuously to the well-mixed, liquid batch, and this is also the practice
in laboratory experiments. For the derivation of equations it was therefore
considered justified, not to use the common kinetic arguments, but rather
a probability method similar to that used by Fuoss. It is assumed that the
mixing is ideal, so that concentration gradients do not occur. We. first derive
general equations and then introduce the appropriate simplifications. The
following notation is used:

N; molecule with ¢ added ethylene oxide molecules

m number of moles of ethylene oxide

Ngg - » oy » starting material

n; » » » N, in the reaction product

k; velocity constant for the reaction of N; with ethylene oxide

¢; = kilkg named distribution constant as proposed by Natta 5

v = m/ny, average number of moles of ethylene oxide per mole of

' starting material
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If the hydroxyl groups of all the reacting species are equally reactive, the
reaction probability of each species is equal to- its mole fraction. If dm moles
of ethylene oxide react, the amount reacting with species. N; thus equals

n;
Eﬂi. :
portional to the velocity constants. We then get for the amount reacting

We thus obtam the fol-

with species IV;, the analogous expression dm

Z‘k,fn,
lowing system of differential equations:

dny kong
am = Tkp, (1)
ﬂ _ ki_am; 1 _ km; @)
dm ~ Zkmj  Zkmy

m \
" e @

Equation (1) gives the decrease of the starting material and equation (2)
the increase of the compounds formed. Equation (3) expresses the fact that
the number of reacting molecules is constant throughout the reaction. Equa-
tion (4) defines ». Dividing equation (2) by equation (1):

dn; G —Ciai—1
dn, Ny

(5)

This can be evaluated to the recursion formula (6) which gives n; as a function
of n;_;and ny:

C; —C;— 1 .
n; = Ci—y f N _1Myg dn, (6)
e

Solution of this integral leads to different results dependent upon the
values of the distribution constants c;. If all reactive groups are equally
reactive, all c; are equal to umty Using equation (4) we obtain Flory’s formula:

n; v

Neo i | (™

If all reactive groups have different feactivities, all ¢; are different and we
obtain a formula equivalent to that of Natta:

n; I B i
e R N o i ®)
00 i=1 j=0 Jii (c,-——ck) 00

k=0

b
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860 . WEIBULL AND NYCANDER

Finally, if we agssume that all hydroxyl groups bound to an oxyethylene group
have identical reactivity, which differs from that of the reactive group of the
starting material, all distribution constants are equal (= ¢) but different from
unity. Keeping in mind that Xcm; then equals n, + c(ng—n,) we obtain,
by integrating equation (1) and uring equation (6), the following expressions:

v = cln Z—‘:’ — (c—1) (1— %) _ (9)
i _ ¢ (mg  (mpe St 1 —lln—’—bﬂj |
Mg (1) {noo (”'oo) ,Zo ! (= () ] } (10)

Equation (9) gives the interdependence of ny/ny, ¢, and v. It is seen, that
it is not possible to obtain ny/ng, as an explicit function of v and ¢. Equation
(10) gives n;/ny, as & function of the concentration of the unchanged starting
material, ny/ng, With ¢ as a parameter. These formulae are somewhat
complicated to use, but much easier to handle than formula (8). Their use-
fulness will be tested in the experimental part.

During the preparation of this paper a preliminary communication by
Gold 19 came to our notice. This author presents, in a different form, the same
formulae as our equations (9) and (10), but no derivation is given.

Till now we have assumed uncatalysed conditions. In the case of acid
catalysis exactly the same reasoning may be applied leading to identical
equations. Generally the values of the distribution constants c; change, as
the reactivities of the reactive groups towards the conjugate acid of ethylene
oxide may be different from those towards the neutral oxide.

In the case of alkaline catalysis the equations must be modified. It is
assumed that we may disregard the reaction of the undissociated molecules
in comparison with the corresponding anions. In that case we can apply the
same reasoning as above to the anions and get:

dn; ki_— 1'”"——1 k: ”ﬁ_ . €My co‘—n;'— (11)
dm Zk;n; Zkin; Zejm; Zejn;

where n; is the number of moles of N;, the anion corresponding to. N; and
¢; = ki [kg. The velocity constants k; refer to the reactions of the anions with

ethylene oxide. In order to determine n; we study the protolytic equilibrium
of the reactive molecules, which may be put thus:

N; & N7 4+ H*

If the equilibrium constant is K;, the concentration of H* is A, and the
concentration of the catalyst is @, we have:

ok _ K, (12)
n,—n;
Zn; =a : (13)
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Fig. 1. Distribution of compounds formed by the addition of one mole of ethylene oxide to
one mole of reactive substance; ni[ny = mole fraction of compound with i moles of ethylene
oxide added; ¢ = distribution constant.

n; may be neglected in comparison with #; and we get:

K-n‘- c‘{n" ’
- = * —a ——, where ¢; = K;/K, 14
LS a Z.ani 2en / 0 ( )

1

When substituting the value of ;" from (14) in (11), this equation takes the
same form as equation (2) and may be solved in the same way. We obtain
solutions corresponding to equations, (8) to (10), where the products ¢;¢; are
substituted for the constants c¢;. Here c; is a measure of the reactivity of the
anions towards ethylene oxide and ¢; a measure of the acidity of the hydroxyl
groups in comparison with the corresponding properties of the starting material.

Thus it is seen that equations of the form (8) to (10) account for the distribu-
tion of compounds formed in the reaction of ethylene oxide with substances
with an active hydrogen atom, with or without acid or alkaline catalysts. Fig. 1
gives a graphical representation of the equations (9) and (10) for various values
of ¢ with v = 1, i.e. equimolecular amounts of starting material and ethylene
oxide.

Acta Chem. Scand. 8 (1954) No. 5
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Fig. 2. Distribution of compounds formed by the addition of ethylene oxide to water with
sulphuric acid as catalyst; ni|ny, has the same meaning as in Fig, 1; v = mole ratio of reac-
tants, ethylene oxide | water.

EXPERIMENTAL VERIFICATION

Previous work

Only a few papers have been published concerning the reaction of ethylene oxide with
reactive molecules, where the reaction product was analysed with sufficient accuracy to
be of value for the testing of the formulae given above.

Matignon, Moureu, and Dodé 1 studied the hydration of ethylene oxide with sulphuric
acid as catalyst. They analysed the reaction product by distillation and the composition
of the fractions by measuring their refractive indices. The percentages of ethylene oxide
used; up for the formation of the various compounds were reported. The amount of un-
changed starting material (7. e. water) was not determined, but can be calculated by
difference. In Fig. 2 the points correspond to the experimental data, corrected for losses
during the analyses (56 %). The curves are calculated with equations (9) and (10) on the
assumption that ¢ = 1.66. The curves fit the points fairly well. )

Recently the hydration of ethylene oxide was experimentally studied also by Davis,
von Waaden, and Kurata 13. As their paper reached us only when our paper was ready
for publication, comparison between our formulae and their results is not made. How-
ever, qualitative agreement at least seems to exist between their work and ours.

~
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Natta and Simonetta ¢ gave results for the reaction between ethylene oxide and
methanol or monomethyl ethers of ethylene glycol and diethylene glycol. The reactions
were carried out in an autoclave at various temperatures Wialout added catalysts. The
analyses of the products were made as in the work by Matignon, Moureu, and Dodé
but no details were given. In the case of the glycol ethers most of the ethylene oxide used
remained unreacted, so the yields of the reaction products were low and seem uncertain.
These results are therefore not used to tést our equations. The data concerning the reac-
tion between methanol and ethylene oxide are treated as above and the results are plotted
in Fig. 3. The effect of the temperature variations has not been considered. The theoreti-
cal curves are calculated on the assumption that ¢ = 0.55. The agreement between experi-
ment and theory seems good in this case too.

_ The reaction between ethylene oxide and phenol with an alkaline catalyst was studied
by Miller, Bann, and Thrower !* and by Patat, Cremer, and Bobleter 14, Both groups of
investigators found that the monophenyl ether of ethylene glycol is exclusively formed
before the ethylene oxide reacts with the glycol hydroxyl group. Then a mixture of the
monophenyl ethers of polyoxyethylene glycols results which, according. to the former
group of authors, has & distribution of the Poisson-series type. In the papers mentioned
1t is assumed that the preferential formation of the first member of the product series is
caused by phenol being more acidic than the various glycol ethers. The latter may all be

considered equally acid and therefore the distribution constants c". in equation (14) are

equal and very small, thus giving also to the constant ¢ of equations (9) and (10) a low
value. It is easily seen from the equations and also from Fig. 1 that, for v = 1 and ¢
approaching 0, n,/ny, also aptproa,ches 0 and n,/ny, approaches unity. The phenyl ether of
glycol is thus preferentially formed and acts as starting material when further amounts
of ethylene oxide are added. The compounds formed are distributed according to a
Poisson series as their reactivities are equal to that of the glycol ether. :

Present work

' Procedure. Experiments were carried out on the reaction between ethylene oxide on
the one hand and water, ethylene glycol (henceforth simply named glycol), ethanol, or
monoethylether of ethylene glycol (henceforth ethylglycol) on the other. With water,
experiments were made without catalyst and also with oxalic acid, carbonic acid, sodium
carbonate, or sodium hydroxide as catalyst. In the experiments with the alcohols the
corresponding sodium alcoholates were the catalysts. The experiments with water with-
out catalyst and with carbonic acid as catalyst were carried out in a 2 litre autoclave
equipped with stirrer and kept at the desired temperature by means of circulating oil.
The ethylene oxide was charged in portions from a steel container and introduced into the
autoclave by heating the container in a water bath. The ethylene oxide could not be
charged in one portion as this would lead to excessive pressure and temperature. All the
other experiments were carried out in a glass apparatus at atmospheric pressure. The
ethylene oxide was evaporated from a glass Vessemnd introduced at the bottom of the
reaction vessel by means of a glass filter. The liquid material was stirred by the gas
bubbles and kept at constant temperature by means of a regulated bath. The reaction
vessel was also equipped with a reflux condenser, cooled to — 15° C to prevent evaporation.
The amount of starting material was accurately weighed at the beginning of the experi-
ment and the amount of ethylene oxide reacted was determined as the increase in weight,
at the end of the experiment. The experimental errors in these experiments were smaller
than those of the autoclave runs. o :

Equimolecular amounts of the reaction components (v = 1) were used in most cases,
but in some cases this led to such large amounts of the higher products that it was found
impossible to separate the components. In these cases a lower proportion of ethylene
oxide was used. The analysis of the reaction product was carried out by distillation.
Each fraction contained at most two components. Their proportions were calculated from
the hydroxyl content, determined by acetylation, and in some cases also from water
analyses according to Fischer, and ethylene glycol analyses by periodate oxidation.
Where equimolecular amounts of the reaction components were used the fractionations
were made directly on a 40 ml sample of the product in a spinning band column according

Acta Chem. Scand. 8 (1954) No. 5
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Fig. 4. Distillation curve for product obtained from reaction between ethylene oxide and
water with sodium carbonate as catalyst, Experiment No. 4.

to Bjorkman and Olavi 1. This column has about 25 theoretical plates. Where a lower
proportion of ethylene oxide was used too much of the starting material remained un-
reacted to give accurate data for the components. In these cases most of the unchanged
starting material was first distilled off in a %‘:)dbielnia.k “Hyper-Cal” distillation apparatus
with about 50 theoretical plates and a take-off of 10 9, of the total reflux. A sample of
400—500 g was used. The distillation was interrupted when the temperature in the distil-
lation vessel was ca. 25° C above that of the starting material. The amount of distillate

Table 2. Analytical distillation of 43.69 g of product from the reaction between ethylene
oxide and water, Hxperiment No. 4, Fig. 4

. Composition Summarised composition,|
Fraﬁctlon Amount 9% OH
o g Amount, g | Compound | Compound | Amount, g
1 9.2218 9.2218 Waiter Water 10.0396
2 2.1407 33.87 0.8178 » Glycol 22.8498
1.3229 Glycol Diglycol 7.8040
3  19.9146 19.9146 » Triglycol | ~ 2.2748
4 3.2664 42.60 1.5133 »
1.7531 Diglycol 8)
5 3.2638 32.75 0.0990 Glycol
3.1648 Diglycol
6 2.1980 32.08 2.1980 »
7 1.0229 28.98 0.6881 »
0.3348 Triglycol b)
Residue 1.94 21.7 1.94 »
Sum 42,9682
Loss 0.62

8) Abbreviation used for diethylene glycol.
b » » » triethylene glycol.

Acta Chem. Scand. 8 (1954) No. §



856 WEIBULL AND NYCANDER

was determined as loss of weight of the liquid in the distilling flask. Part of this residue
was then subjected to fractionation in the spinning band column.

Materials. The organic nts used were carefully purified. The ethylene oxide
was ically free from acetaldehyde (less than 0.01 %). 'The ethanol was made *
dry” by distillation from a solution of magnesium ethoxide in ethanol 1. The glycol and
its ethyl ether were carefully fractionated in the Podbielniak distillation apparatus. The
sodium aleoholate catalysts were prepared in situ by addition of metallic sodium to the
starting materials. '

Conditions and Results. The experimental conditions and results are summarised in
Table 1. Before these are discussed the details of the calculations of one experiment are
given as an illustration of the method used. In Experiment No. 4, 245.85 g of ethylene
oxide was reacted with 1 000.0 g of water with 2.65 g of dry sodium carbonate as catalyst.
The molecular proportions of the reactants, v, is calculated as 0.1006. Of the reaction
product, 400.0 g was distilled in the Podbielniak apparatus §iving 136.8 g of residue. Of
this, a sample of 43.59 g was distilled in the spinning band column. The distillation curve
is shown in Fig. 4 and the results including analyses and calculated amounts of individual
compounds are given in Table 2. The residue from the distillation is counted in with the
highest glycol. The amounts of water charged and distilled off in the Podbielniak appara-
tus are recalculated to correspond to the amount fractionated in the final distillation. In
order to compensate for the distillation loss the sum of the fractions was used instead of
the amount distilled. Water distilled off = (400.0—136.8) (42.97/136.8) = 92.71 g. The
total amount of water in the reaction product thus was 102.75 g. Water =
(1 000.0/18.02) (400.0/1 248.5) (42.97/136.8) = 5.5844 moles. The amounts of the products
are converted to moles and the values of the various mole fractions n;/n, calculated
(Table 1, columns 10 to 15). The sum of these mole fractions should equal unity and the
sum of the expressions ¢n,/n,, should equal v. As is seen from Table 1, columns 16 and 17,
the agreement is satisfactory.

The experimental results in Table 1 were obtained in the way described. Of the various
values for ¢, ¢’ (column 18) is calculated from v and 7,/ng, by means of equ&tion (9), ¢’
(column 19) from n,/ne and n,/ny, by iteration in equation (10), and ¢ (column 20) is a
chosen mean value. In combination with the experimental value of v (column 8), this
mean value is used for the calculation of the theoretical values of n;/ne (columns 10 to 15)
given below the experimental values.

It is of interest to compare the values of the distribution constants ¢ determined by
distribution experiments with those that can be calculated from determinations of the
individual velocity constants. Table 3 gives velocity constants determined at 25°C on
dilute solutions of ethylene oxide in the respective reagent with sodium hydroxide as
catalyst 7. The constants are second order constants reduced to unit molar concentra-
tion of catalyst. The quotients of the appropriate constants are compared with those
determined from the distribution experiments. :

Table 3. Velocity constants at 25° C and distribution constants for the reaction between
ethylene oxide and various compounds with sodium hydroxide as catalyst.

Compoma | gy et Rt | Dl
Water 1.26 - 10-¢ 4.80 13
gligf;cl:ol 397 10+ 2.10 1
Ethanol 1.29 . 10-3 0.47 2.2
g:ﬁﬁﬁiﬁ;ﬁol T 1.00 1
Diglycol 1.27 .10 ‘ 2.08 28)

8) Expected value.

Acta Chem. Scand. 8 (1954) No. 5
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DISCUSSION

‘Comparison between theoretical and experimental results shows that the
theory presented accounts fairly well for the course of the reactions between
ethylene oxide and reactive molecules. Especially significant is the result,
that the distribution of products in the reaction with glycol or its ethyl ether
closely follows a Poisson series, ¢.e. ¢ = 1, see Table 1, Experiment Nos. 6 and
9. This is a direct proof of the assumption that all hydroxyl groups bound to
an oxyethylene group have the same reactivity.

The value of the distribution constant ¢ and, with. it, the amounts of the
higher glycol products increase with increasing alkahmty, Table 1, Experiment
Nos. 1 to 5. This was also found to be the case by Davis, von. W&aden and
Kurata 12. The large difference between the results with sodium carbonate
(Experiment No. 4) and sodium hydroxide (Experiment No. 5) may seem notice-
able. However, from published data 18 for the velocity constants of the reaction
between ethylene oxide and water, it may be calculated that, with the amount
of sodium carbonate catalyst used, the catalysed and uncatalysed reactions
are of comparable importance. Thus the value of ¢ is intermediate between
the values for uncatalysed and hydroxyl ion catalysed reactions.

A comparison between the quotients in Table 3 of the kinetical rate cons-
tants and the distribution constants ¢ brings out some points of interest. The
values agree in the case of the pair, ethylglycol — ethyldiglycol. For the pair
ethyldiglycol — diglycol, the value predicted for ¢ is 2 because the latter
compound has two hydroxyl groups of the same reactivity as that of the
single one of the former. This is in agreement with the experimental value
from the velocity constants, 2.08. In the other cases there are discrepancies.
Apart from experimental errors, these may have two causes. Firstly, the
influence on the ¢c-values of the differences in acidity of the various compounds
are not accounted for by the kinetic experiments. Secondly, the rate cons-
tants were measured in-different media which also differ from the media in
the distribution experiments. Moreover, the medium changes during the
reaction in the latter experlments but it seems reasonable to assume that the
distribution constants remain unchanged. The discrepancies ought to diminish
as one passes to higher memkers in a reaction series, as is found to be the case
for ethylglycol — ethyldiglycol. It should perhaps be observed that the rate
constants given were determined at a much lower temperature than that
used in the distribution experiments. For the early steps of the reaction series
this difference may also have some influence on the velocity constant ratio.

Our thanks are due to Mr. A. J. Lowe of Oxirane Limited, Manchester and to Mr.
C. O. Gabrielson, of the Research Laboratory, for valuable discussions. The skilful assis-
tance of the staff of the Research Laboratory is also acknowledged.
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