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Abstract Phosphate surfactants containing ether and

hydroxyl groups were prepared by a simple reaction

between the corresponding epoxide and the diethyl phos-

phate. The relationships between the structure and colloidal

properties were evaluated in terms of the critical micelle

concentration (CMC), cCMC, foaming ability, and water

absorbing and holding abilities. Based on these results, it

was concluded that the ether and hydroxy groups syner-

gistically worked together to decrease the CMC and

increase the foaming ability. The degree of neutralization

remarkably affected the colloidal properties. The highly

neutralized states showed a more positive effect on water

holding power but an opposite effect on the foaming

ability.

Keywords Phosphate surfactants � Hydroxy group �
Ether linkage � CMC � Foaming ability �
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Introduction

Over the past few decades, the phosphate ester-type anionic

surfactants have been attracting attention in the surfactant

industry [1, 2] because they have been extensively applied

in various industrial fields, such as rust and corrosion

inhibition [3, 4], antistatic agents [5, 6], lubricants [7],

emulsifiers [8, 9], etc. In addition to the monophosphate-

type detergents [10, 11], Gemini-type phosphates have also

been prepared and their amphiphilic properties studied [12].

Specifically, monoalkyl phosphate (MAP) has been playing

a key role in the toiletry industry in personal-care products.

Because of their compatibility with skin and inherent low-

irritation characteristics, they have been significantly used

in toiletry applications, such as cleansers, body and hair

shampoos, and oral care formulations [2, 13–15].

In this paper, we introduce a new preparation method for

the phosphate that possesses a free hydroxy group and an

ether linkage in the molecule. At the same time, homo-

logues containing several oxyethylene groups were pre-

pared by a reaction between the corresponding oxirane

derivative and diethyl phosphate, which is a key step in this

process.

We also studied the colloidal properties of the prepared

amphiphilic phosphates. Studies on the various physico-

chemical properties and effects of these functional groups,

such as free hydroxyl and oxyethylene groups would pro-

vide useful information when novel surfactants and deter-

gents are designed. Furthermore, the relationships between

the structure and properties of the aqueous solution were

also discussed for various neutralization degrees of the

surfactant dibasic phosphate groups.

Experimental Procedures

General Measurements

Melting points were recorded by an MP-J3 melting point

apparatus (Yanagimoto Co.) and were uncorrected. The

identification of the structure was confirmed from the

NMR spectra and elemental analysis. The 1H-NMR spectra

were recorded using a JNM-LA300 (300 MHz for 1H)
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instrument. Chemical shifts are reported in ppm downfield

(d) from an internal standard (TMS in CDCl3 and CD3OD).

Preparation of Raw Materials

In this study, we prepared two kinds of oxirane derivatives,

1m and 4m,n, as raw materials. As Scheme 1 shows, one is

a normal a-olefin oxide, 1,2-epoxyalkane 1m, where, m is

the number of carbons of the corresponding olefin. These

epoxy compounds, a-olefin oxide 1m, [dodecene, tetrade-

cene, hexadecene and octadecene oxide] were obtained

from the ADEKA Co., Ltd., and were used without further

purification. Another homologue 4m,n contains an ether

group and oxyethylene group in addition to the epoxide

group, where m and n indicate the number of carbon atoms

in the alkyl group and the number of oxyethylene groups,

respectively. We solely synthesized these raw materials

4m,n. The synthetic procedure is described in the next

section. The phosphorylating agent composed of a mixture

of diethyl phosphate 48 mol%, ethyl phosphate 49 mol%,

and H3PO4 3 mol% was also obtained from the ADEKA

Co., Ltd.

Preparation of epoxide derivatives (4m,n)

Scheme 1 illustrates an outline of the preparation proce-

dure. n-Alkyl glycidyl ether was prepared according to the

published method [16]. The synthesis of n-octyl glycidyl

ether 48,0 is described here as an example. To a solution of

70.1 g (0.54 mol) of n-octanol and 0.85 g of SnCl4 was

slowly added 54.9 g (0.60 mol) of epichlorohydrin. The

mixture was well stirred and maintained at 80 �C during

the addition, and then the contents were heated at 110 �C

for 2 h. The epoxide was produced by the dehydrochlori-

nation of the crude chlorohydrin 3m,n, which was not

isolated, in a strong alkaline solution (45 g of 48% NaOH

aqueous solution) as described by Sandler and Karo [16].

The crude epoxide ether was purified by distillation under

reduced pressure to yield n-octyl glycidyl ether 48,0 as a

colorless liquid, b.p. 94–97 �C/6 mmHg. 75.9 g yield 74%.

The other homologues containing the oxyethylene group

were obtained in a similar manner from the corresponding

alkyl polyoxyethylene glycol ether 2m,n.

Their b.p. and yield were as follows: 410,0: 104–110 �C/

3 mmHg, 67%. 412,0: 110–115 �C/1.5 mmHg, 85%. 412,2:

198–205 �C/1.5 mmHg. 82%, 412,3: 226–232 �C/2 mmHg,

71%. 412,4: 220–226 �C/1 mmHg, 60%, and the representa-

tive 1H-NMR spectra are summarized in Table 1. The spectra

of other homologues containing various alkyl chain lengths

and oxyethylene groups were also in fair agreement with their

d values and integration with the theoretical values.

Synthesis of Phosphate Surfactants (6m, 7m,n)

Scheme 2 summarizes the preparation of the phosphate

surfactants 6m and 7m,n. The preparation of the 2-hydroxy

tetradecyl phosphate homologue 614 is described here as an

example. 1,2-Epoxytetradecane (6.37 g, 30 mmol, 114) was

reacted with phosphorylation agent (48 mol% diethyl

phosphate (DEP), 4.58 g, 33 mmol) at 60–70 �C. After a

2-h reaction, 5.4 ml (0.3 mol) of water was added with

stirring in order to hydrolyze the diethyl phosphate ester

514, which was not isolated. The solution was diluted with

toluene, and the toluene layer was washed with water.

After drying and evaporation of the toluene, the crude

product was purified by recrystallization from ethyl acetate

and hexane 1:1 [v/v] as a white solid powder, 3.92 g, yield

42%, m.p. of 614 was 88–92 �C. The m.p. of the other

homologues were as follows: 612 68–74 �C, 616 99–

101 �C, 618 101–104 �C. The structure of the product was

determined by 1H NMR. The representative 1H-NMR data

are summarized in Table 1. The other phosphate surfactant

homologues of 7m,n were also prepared from the corre-

sponding epoxides 4m,n in a similar manner as already

described. Due to the ether linkage, all of these phosphates

7m,n were very viscous, therefore, they did not exhibit a

clear melting points.

In order to prepare some specimens with different neu-

tralization degree, the product was neutralized with the

prescribed amount of 0.5 M NaOH aqueous solution in

CH3 O
O

H

CH3 O
O Cl

OH
CH3 O

O
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m-2 n

m-2 n m-2 n
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Normal epoxyalkanes (1m) CH3
m-3

O
m= 10,12,14, 16

Epoxides containing oxyethylene
and ether linkage (4m,n)

Scheme 1 Normal

epoxyalkanes (1m) and

preparation of epoxide

homologues containing

oxyethylene and ether linkage

(4m,n)
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Table 1 1H-NMR spectra of epoxides and phosphates containing ether and oxyethylene linkages

Abbr Structure Assignment [(d value (split pattern,

number of Hs, assignment)]

410,0 0.88(t, 3H, a), 1.20–1.40(m, 14H, b), 1.60(m, 2H, c),

2.60(dd, 1H, g1), 2.80 (t, 1H, g2), 3.15(m, 1H, f),

3.35(dd, 1H, e1), 3.40–3.55(m, 2H, d), 3.72(dd,

1H e2)

412,3 0.90(t, 3H, a), 1.23–1.40(br, 18H, b), 1.55–1.65(m,

2H, c), 2.60(dd, 1H, h1), 2.80(t, 1H, h2), 3.15(m, 1H,

g), 3.36(dd, 1H, f1), 3.43–3.50(t, 2H, d), 3.55–

3.70(m, 12H, e), 3.80(dd, 1H, f2)

616 0.90(t, 3H, a), 1.20–1.43(m, 22H, b), 1.43–1.75(m,

4H, c,d), 3.75(m, 1H, e), 3.86(m, 2H, f)

712,0 0.92(t, 3H, a), 1.20–1.40(m, 18H, b), 1.58(m, 2H, c),

3.50(m, 4H, d,e) 3.70(m, 1H, f), 4.00(m, 2H, g)

712,3 0.90(t, 3H, a), 1.20–1.40(br, 18H, b), 1.60(m, 2H, c),

3,46(t, 2H, d), 3,53–3.75(m, 15H, e,f,g), 4.10(m,

2H, h)

m-3

OH

O
P

OEt
OEtO
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Scheme 2 Preparation of

phosphate surfactants (6m,

7m,n) from epoxide derivatives
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accordance with the neutralization curve. The pH change

with respect to the neutralization of the polybasic phos-

phate is graphically illustrated in Fig. 1.

Surface Tension Measurement

The surface tension was measured by Wilhelmy’s vertical

plate method using a Model A-3 tensiometer (Kyowa

Kagaku Co., Ltd.). Samples were prepared by diluting each

phosphate with ultra pure water to specific concentrations.

The purity of the water was ascertained by its conductivity

and surface tension. It was confirmed to be less than 1 lS/

cm and more than 71.0 mN/m, respectively. By adding the

calculated amount of 1 M aq. NaOH in accordance with

Fig. 1, the neutralization degree of the phosphate was

controlled. The solution was maintained at 25 �C and

measured at the same temperature. The measurements were

taken after the surface tension was kept constant for a

period of 20–30 min. For the lower surfactant concentra-

tions, it usually took longer to reach equilibrium. Repro-

ducibility of the surface tension measurements was

maintained at less than 0.5 mN/m. Figure 2 shows the

results of 612 for a free phosphate and disodium salt, and

Fig. 3 shows the results for the monosodium salt of 612,

78,0 and 712,0, respectively. Other representative data of the

CMC and c CMC are shown in Table 2.

Moisturizing Ability

The moisturizing characteristics of the surfactant, that is, the

water-absorption and water-holding capacity were evaluated

as follows. The dried surfactants were kept in a desiccator

whose humidity was adjusted to 80% at 25 �C for the pre-

scribed time, and the amount of absorbed water was
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calculated from the weight increase. The sample in the

desiccator was transferred to another desiccator whose

humidity was 45%, and the weight loss was measured again

to evaluate the ability of retaining the water. In this study,

612, 78,0, 712,0 and 712,2 were evaluated. The influence of the

neutralization degree of these surfactants was also discussed.

The water content was calculated by the following

equation.

Water content (%) = 100 9 (WW – WD)/WD where

WW is weight of the wet sample, and WD is weight of the

dry sample. Results are summarized in Figs. 4, 5.

Foaming Test

In the foaming test studies of the phosphate-type surfac-

tants, the improved semi-micro TK-method was used.

Bubbling a certain quantity (250 mL) of air through a

2-mm inside diameter glass tube for a fixed time (60 s)

generated foams. The details of the equipment set up were

described in a previous paper [17]. The volume of the

foams was immediately measured after the bubbling (V0)

and 5 min later (V5). These results are summarized in

Table 3. In this study, we evaluated the foaming stability of

the surfactant foams by a new parameter, that is, the spe-

cific foaming ability (SFA), that was defined as the ratio of

V0 to V5. Based on these three parameters, the SFA in

addition to the V0 and V5, we could obtain some informa-

tion about their foaming characteristics especially on their

foaming ability. Representative results of the three kinds

disodium phosphates are depicted in Fig. 6. The SFA

increased in the order of 712,2, 712,0 and 612, that is, 712,2

showed the highest foam persistence over a wide range of

concentrations.

Results and Discussion

Preparation of the Surfactants

As shown in Schemes 1 and 2, a nucleophilic reaction

between the epoxides, 1m, 4m,n, and phosphorylation

agent, diethyl phosphate (DEP), is an important key reac-

tion for the preparation of the surfactants. In this reaction,

we need to consider the generation of by-products, the

secondary phosphate, which is an isomer of the primary

phosphate. According to the NMR spectrum, the crude

products were mixture of two isomers. It was confirmed

that the primary isomer was obtained as the major product.

This result was in agreement with our expectation based on

the structure of the epoxide. DEP reacted with the less-

hindered epoxide carbon. The secondary phosphate in the

crude product was easily removed by recrystallization as

the carbon number increases. Each phosphate, 610–616,

obtained from the corresponding alkane-epoxide was

readily available in the pure form of the primary phosphate

after recrystallization. On the other hand, the phosphate

homologues containing ether and the oxyethylene groups,

7m,n, were viscous or greasy compounds, which were

difficult to purify by recrystallization or preparative chro-

matography. The ratio between the primary and secondary

phosphates was estimated at 8/2 by comparing the integral

values of –CH(OH)CH2OPO3H and –CH2CH(OPO3H)

CH2OH in the 1H-NMR spectrum. These compounds were

used for measurement of the colloidal properties with no

further purification. Neutralization curves of the three kinds

Table 2 Critical micelle concentration and surface tension of

phosphates

a The solubility was too low to measure the surface tension. Did not

dissolve completely
b n-Dodecyl phosphate
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of phosphate surfactants, 69, 76,0, 712,2, are shown in Fig. 1.

Two highly clear pH jumps were recognized at the mono-

and di-equivalent points in each curve. This indicates that

each phosphate obtained here is a dibasic acid, that is, they

were mono-alkylated phosphate as we expected.

Surface Tension and CMC

It is widely understood that HLB is the predominant factor

that determines the CMC. In particular, the chain length of

the carbon atoms in a surfactant, which leads an increased

hydrophobicity, is believed to be the main cause of the

CMC decrease. However, comparative studies of hydro-

phobic groups with different structures suggested that the

presence of functional groups that create hydrogen bonds

among the amphiphilic compounds had a greater influence

on the CMC than HLB. The present study attempted to

examine the various structural characteristics of hydro-

phobic groups in surfactants in order to identify the

primary determinants of the CMC. First, the influence of

neutralization on the surface tension was examined. Sec-

ond, three hydrophobic groups with different structures

were compared with respect to the CMC. Finally, two

hydrophobic groups with similar structures except for the

presence of a hydroxyl group were compared in relation to

the CMC. The basic findings in terms of the surface

activities, surface tension and CMC are summarized in

Figs. 2, 3 and Table 2.

Figure 2 shows the influence of the neutralization on the

surface tension. Phosphate 612 was prepared from a simple

dodecene oxide and then examined in both the neutralized

and non-neutralized states, i.e., free acid and disodium salt.

The result, as predicted, showed a greater CMC in a highly

neutralized state than in the less neutralized state. This was

due to the fact that the concentration of the phosphate

anion increases as the neutralization proceeds. As a con-

sequence, the hydrophilicity of the surfactant increased,

and at the same time, the negatively charged state of the

phosphate head group was almost completely in favor of

the phosphate anion. Based on these findings, it was

assumed that the actual increase in hydrophilicity and the

repulsion of the negatively charged head groups led to the

increase in the CMC.

Figure 3 summarizes the comparison of the three

hydrophobic groups with respect to the CMC. It attempted

to examine the general understanding that the structure of a

hydrophobic group in amphiphiles markedly affected the

CMC in aqueous solutions. When two kinds of phosphates,

612 and 78,0, were compared, a significant difference in the

CMC was observed. The CMC of 612 was approximately

10 times greater than that of 78,0, which suggests that the

latter, 78,0, has a tendency to aggregate and form a micelle

in a less concentrated solution. However, a close exami-

nation of the structures of these phosphates reveals a

contradiction between this result and the widely accepted

notion that in aqueous media, the CMC decreases as the

hydrophobic character of the surfactant increases. In these

two phosphates, the hydrophobic group is different at the

x-8 position, that is, in 612, there is a methylene group,

whereas in 78,0, there is an ether oxygen atom. In other

words, in 78,0, the dodecyl group is divided into two parts,

an octyl group and a trimethylene group by a single ether

oxygen atom. Since the hydrophobicity is related to the

chain length, the phosphate 612 should have a stronger

hydrophobic character than 78,0, and therefore, in accor-

dance with the above understanding that an increase in the

hydrophobic character leads to decrease in the CMC, 612

should have resulted in a lower CMC than 78,0.

In order to account for this unexpected result, an alter-

native perspective was taken. It is assumed that the CMC

decrease is attributed to the hydrogen bond between the

hydroxy group, the ether oxygen atom, and the phosphate
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group, which are present in 78,0, but not in 612. This may

explain the results of the present study. Figure 7 describes

how the phosphate surfactants containing both ether and

hydroxyl groups in a single molecule have an easier

aggregation due to their strong hydrogen bond.

Another comparison in favor of this argument is

between 712,0 and 78,0, as shown in Fig. 3. 712,0 is similar to

78,0 in that it contains an ether oxygen atom in its structure.

However, the longer carbon chain in 712,0, which is known

to increase the hydrophobicity, is assumed to contribute to

the lower CMC, according to the earlier discussion. The

result in Fig. 3 actually showed no significant difference

between the two phosphates, suggesting that the strong

hydrogen bond created between the hydroxyl group and the

ether oxygen atom had a greater influence on the CMC than

the hydrophobicity.

The effects of oxyethylene units of the ethoxylated

sodium alkyl sulfates on their CMCs have been reported

[18–20]. In this study, an additional comparison between

homologues with two oxyethylene groups, 712,0 and 712,2

suggested no clear systematic difference in terms of the

number of oxyethylene groups, as shown in Table 3.

Based on these findings, it is concluded that when

considering the influence of surfactant structures on the

CMC, the presence of certain functional groups in the

amphiphilic compounds that create strong hydrogen bonds,

is more important than its HLB.

A final comparative study in support of the above

analysis was carried out between the mono dodecyl phos-

phate (MAP12) and 612. 612 possesses a hydroxyl group at

the C-2 position in addition to the MAP12 structure. This

experiment was to test whether the presence of a hydroxyl

group on its own had any significant influence on the CMC.

The result showed no appreciable difference between the

two, ruling out the possibility that the hydroxyl group in

the molecule independently affected the CMC level.

Overall, it is concluded that the coexistence of certain

functional groups, notably the hydroxyl group and the ether

oxygen atom, is thought to be the key factor influencing the

colloidal property of surfactants.

Moisturizing Ability

Figure 4 shows the influence of the neutralization degree

on the water absorbing and holding capability of the

phosphate surfactant, in which 78,0 is illustrated as an

Table 3 Foaming ability, V0 and V5, of phosphates for different neutralizations

Conc. (mM)            0.1            0.5           1.0            5.0           10.0 

Phosphates   V0 V5 V0 V5 V0 V5 V0 V5 V0 V5
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Fig. 6 Specific foaming ability (SFA) of the phosphates, 612, 712,0,
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example. The water holding rate was directly proportional

to the neutralization degree of the samples. The water

content values of the disodium salts were about three times

that of the free acid, while that of the monosodium deriv-

atives were intermediate between the two homologues.

These results were similar to that of the amphiphilic amino

acid derivatives, between the free acid and sodium salt, as

previously reported [21].

At the same time, the influence of the surfactant’s

structure on the water holding properties was discussed.

Figure 6 shows the effects of three kinds of functional

groups, i.e., the hydroxy, ether, and oxyethylene groups, on

the water absorbing and holding properties. We expected

that the introduction of the hydroxy group from the epoxide

moiety of the raw material would result in an increase in

the water absorbing capacity, but unfortunately, the results

were contrary to our expectation. The capacity of the

disodium salt of 612, which contains only a hydroxy group

other than phosphate, was extremely poor and its plots

were located through out the bottom region of the graph.

As it was distinct from 612, in the case of the coexisting

ether and hydroxyl groups, a predominant synergistic effect

was recognized. The water holding ability of 712,0 was

about five times that of 612. The structural difference

between 612 and 712,0 is shown in Scheme 2. The increase

in the hydrogen bond due to the coexistence of the ether

and hydroxyl group is likely to be the main reason for this

synergistic effect.

The introduction of the oxyethylene group into the

surfactant significantly increased the water absorbing

property, but its water retention ability was extremely

weak. It showed the tendency to easily release the moisture

acquired during the absorbing process. The influence of the

chain length of the hydrophobic group in the phosphate

was so slight that the difference was not easily recognized

among the homologues, 78,0, 710,0, and 712,0.

Foaming Ability

The absolute foaming ability of the phosphate surfactant

with different neutralization degrees under various repre-

sentative concentrations is summarized in Table 3.

Although there was no clear systematic trend in Table 3,

some relationship between their structure and the foaming

ability may be deduced from this table. The neutralization

state of the specimen produced some effect on the foaming.

The lower the neutralization of the phosphate is, the better

the foaminess and foam stability. The foaming ability was

individually dependent on their structure, concentration,

and neutralization. For example, 612 showed an excellent

foaming ability at a more concentrated state than the CMC,

even though a poor or no foaming was observed with a

solution below the CMC. Generally speaking, the volume

of foam (V0) is found to increase according to a sigmoid

shape with a strong variation close to the CMC as shown in

Fig. 8.

Table 3, indicates the effect of the hydroxyl and ether

groups. The phosphate 712,2, showed clear synergistic

effects between the hydroxy and ethylene oxide groups

under a fully neutralized state. However, contrary to our

hypothesis that the hydroxyl group in the 6n series shows

a positive effect on the foaming property, the result did

not indicate a positive correlation. No clear difference

was recognized between the foaming ability of 612 and

MAP12.
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