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Abstract: A homologous series of double-chain non-ionic surfactants with the
general formula (C ), GE_M, where C_ denotes an alkyl chain, G a triglyceryl,
and E_M an oligo-oxyethylene mono-methyl ether are synthesized with n =
6-8 and m = 6,8, 10. The branched hydrophobic part of the surfactants intro-
duces a large cross-section of the lipophilic surfactant moiety that is directly
reflected in the shape of the micelles and the LC phase behavior in aqueous
solution. The phase behavior of these V-amphiphiles is investigated with
polarizing microscopy and x-ray diffraction and reveals that the branched
lipophilic part strongly stabilizes the lamellar mesophase. This is in agreement
with established packing models.
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1. Introduction

In aqueous media the ampbhiphilic character of
surfactant molecules leads to self organization
into micelles and liquid-crystalline (LC) phases.
The amphiphile organization in micelles results
from the hydrophobic effect [1], which reduces
the unfavorable contact of the hydrocarbon
chains with water. The shape and size of the
micelles are determined from the various geomet-
ric packing constraints of polar and apolar moie-
ties of the amphiphiles. Consequently, the packing
effect depends mainly on the chemical constitu-
tion of the amphiphile, the temperature, and the
concentration in aqueous solution.

According to the simple geometrical model of
Israelachvili [2] the surface area A at the inter-
face, the volume V; and the critical chain length
I, of the hydrocarbon chain strongly affect the
micellar geometry. The critical packing parameter
F!

F="W-A (1)

CPS 304

predicts the preferred micellar geometry. Above
the critical micelle concentration (CMC) for
0 < F < 1/3 spherical micelles, for 1/3 < F X 1/2
cylindrical micelles, for 1/2 < F <1 disc-like
micelles, and for F > 1 inverse micelles are pre-
dicted. Modifications of V,/l, or A are directly
reflected in the shape of the micelles and the LC
phase structure.

In a previous paper [3], we presented a concept
for analyzing pure packing effects on the micellar
shape and the LC phase structures of am-
phiphiles. It was suggested to modify the molecu-
lar architecture without affecting the hydrophilic-
lipophilic balance (HLB) by introducing branched
hydrophilic or hydrophobic moieties in oligo-
oxyethylene alkyl ether amphiphiles depicted in
Fig. 1. The different molecular geometries restrict
the feasible packing arrangements and lead to
different shapes of micelles and LC phase struc-
tures in water. By branching the hydrophilic chain
in Y-amphiphiles (e.g., C,G(E,M),, where C, de-
notes an alkyl chain, G a triglyceryl and E,M an
oligo-oxyethylene mono-methyl ether) a large
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Fig. 1. Molecular models of corresponding Y-amphiphile
C14,G(E M),; I-amphiphile C,EgM, and V-amphiphile
(C),GEgM in extended conformation

interfacial area A per molecule at the micellar
interface was realized. This causes a smaller criti-
cal packing parameter F than for the correspond-
ing linear C,E,M Il-amphiphiles. As a conse-
quence spherical micelles and the stabilization of
I, cubic phases were observed.

In this paper, we present new V-amphiphiles.
These amphiphiles are modified at the hydropho-
bic groups by two alkyl chains. This causes an
increase of the V/I. ratio compared to the corres-
ponding linear I-amphiphiles. The molecular
model of such a V-amphiphile and a correspond-
ing Y- and linear I-amphiphile is shown in Fig. 1.
In addition to the synthesis of a homologous
series of V-amphiphiles (C,),GE,M, the phase
behavior of the new surfactants will be described
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Scheme I. Synthesis of (C,),GE,M surfactants

with respect to the polymorphism of the lyotropic
LC phases in aqueous solution. An explanation of
the phase behavior of the homologous series of
V-amphiphiles will be discussed, where the oxy-
ethylene chain and alkyl chains are systematically
modified. The LC phase polymorphism of V-am-
phiphiles is compared to the corresponding Y-
and I-amphiphiles.

2. Experimental part

2.1. Synthesis

The V-amphiphiles (C,),GE M 3a—e are syn-
thesized according to standard procedures. In
Scheme 1 the route for the synthesis of 3a—e is
presented. In the first reaction step, the sodium
salt of the n-alkyl alcohol (n = 6—8) is treated with
1-chloro-2,3-epoxypropane yielding the glycerol
dialkyl ether /a—c (refer to Table 1). In the second
step the remaining free hydroxyl group is con-
verted via sodium hydride into the sodium salt
and etherified with the monodisperse tosylate 2 of
the oligo-oxyethylene  monomethyl ether
(m = 6,8,10) to give the V-amphiphiles 3a-e as
colourless fluids in a yield of 35-55%.
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Table 1. Properties, analytical data and yields of 7a—c

1 n (C,),GH mol. wt. b°C/1 mbar Yield % Analysis found (calculated)
C/% H/%

a 6 Cy5H;,0; 260.4 79-107 40 69.58(69.19) 12.57(12.39)

b 7 17H3603 288.4 110-116 50 70.71(70.79) 12.75(12.58)

c 8 10H 4003 316.5 120-125 43 72.97(72.39) 12.85(12.76)

Table 2. Analytical data and yields of 3a—e

3 n m (C.).GE M mol.wt. Yield % Analysis found (calculated)
C/% H/%

a 6 8 C3,Hg0q4 626.8 42 61.41(61.32) 10.61(10.61)

b 7 8 C34H70044 645.8 53 62.13(62.36) 10.88(10.77)

c 8 8 36H74011 682.9 41 63.31(63.32) 10.97(10.92)

d 7 10 C3sH7503 742.8 34 61.34(61.42) 10.81(10.38)

e 7 6 C30Hs200 566.8 40 63.43(63.57) 11.09(11.05)

2.1.1. Preparation of 1,3-bis-(n-alkyloxy)-2-
propanol with n = 6-8(1la—c)

0.6 mol n-alkyl alcohol is added dropwise to
0.25 mol of sodium hydride in 10 m! dry dioxane
under nitrogen atmosphere. After stirring for 2 h
at 65°C, 0.2 mol 1-chloro-2,3-epoxypropane is
slowly added at 40 °C. The mixture is stirred un-
der reflux for 4 h and then at room temperature
for 12 h. Thereafter the reaction mixture is con-
centrated. After addition of some water the or-
ganic layer is separated. The aqueous phase is
acidified and extracted with ether. The combined
organic phases are dried over sodium sulphate.
The ether is evaporated and the residue is distilled
under vacuum using a 30 cm Vigreux column to
yield a colorless, clear liquid. The properties and
analytical data for /a—c are shown in Table 1.
IR (film; cm™1): 3560,3440 (O-H); 2930,2840
(C-H); 1450, 1370, 1250, 1100 (C-H, C-O, C-0-C).
'H-NMR (80 MHz, CDCIl;/TMS; ppm). 09
(t,CHj3); 13 (m,CH,); 23-24 (s,OH); 34
(m, OCH,-G); 3.9 (m, OCH).

2.1.2. Preparation of methoxy-oligo-oxyethylenyl!
p-toluene sulfonate with m = 6,8, 10 (2)

A mixture of 50 mmol p-toluenesulfonyl chlor-
ide, 25mmol oligo-oxyethylene monomethyl

ether (m = 6,8, 10) and 100 ml dry diethyl ether is
cooled under nitrogen atmosphere to — 20°C.
250 mmol freshly powdered KOH is added over
a period of 30 min to the cooled mixture. After
stirring for 40-60 min, the reaction mixture is
poured into ice water and the organic phase is
separated. The aqueous phase is extracted once
with diethyl ether and three times with methylene
chloride. The collected CH,Cl, extracts are dried
over sodium sulphate. The solvent is removed
under reduced pressure. The products are viscous,
slightly yellow oils. Yield: 60-72% of 2.

IR (film; cm™t): 3040 (Bzl-H); 2860, 2800 (C-H);
1590 (C = C arom.); 1440,1340 (C-H);
1285, 1240, 1175 (C-H, C-0); 1100 (C-O-C).
'H-NMR (80 MHz, CDCl;/TMS; ppm): 2.5 (s,
Bzl-CH3); 3.2 (s, OCH;); 3.6 (m, OCH,); 4.2 (t,
J = 5Hz, CH,-tos); 7.3 (d, J = 8Hz, BzI-H,); 7.8 (d,
J = 8Hz, Bzl-H,,).

2.1.3. Preparation of 1,3-bis-(n-alkyloxy)-2-
propoxy-m-oxyethylene monomethyl ether
withn = 6-8 and m = 6,8, 10 (3a—e)

7.5 mmol of 7 are added dropwise to 7.5 mmol
sodium hydride in 10 ml dry diethyl ether at room
temperature under nitrogen atmosphere. The
mixture is stirred for 20 h at about 30°C. Then
7.5 mmol of 2 are added dropwise. The mixture is



Kratzat and Finkelmann, Branched Oligo-oxyethylene V-amphiphiles

403

80
m .
e {Cq)GE\gM 3d o
L, .,}’/
60154 Lal-l-a Ly o
o
Lig o
2
L
T = ]
0 LG /°/( \
Q.o
204 L Lo
H, \
e o
B, o,
4
e\ tetA
-201 ICE-CA.
20 @ 60 80 100
¢lw%] SURFACTANT
80 80 80 3
e | 1CglpGEQM e 3b| e C
3a < 571,6EgM (Cgl,GEgM
n odé
e ﬂF’°’
Loty o ™ __rgmz@ﬁv
“] / b
8 _{ 0o 5
Y [
20+
£ LyeCA
B s s ° — |l
=1 'L A [CE-L \o ;B
/ * \/ LeiCA
20d  KE'la e Sl -zoJ ICE-CA,
ICE+CA. - - i
i ¥ 1] T T T T T T
20 [X:] 80 100 20 L0 60 80 100
¢ 0 c[:s/).l SURBF%CTA:‘C}O clw%I SURFACTANT ¢ lw%] SURFACTANT
80
e 1€7126EgM 3e
60
o, s
6 ik
20.
(™ L,
>
Lely Ly
oy
ICE+Lg
1
0] ICE, \
1 1
-——-——-;..-.......-..—.:z.’_}’l.'..‘;‘;.‘ n
6 < 60 80 100
¢ fw%ISURFACTANT —
: 8

Fig. 2. Binary phase diagrams of (C,),GE,M and water. The dependence of the phase behavior on alkyl chain length n and
the number of oxyethylene units m per surfactant
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heated to about 40 °C for 2 h. A white precipitate
of sodium p-toluene sulfonate is filtered off and
the product 3 is purified by flash chromatography
with a diethyl ether/aceton (5/3 V/V) mixture as
eluent. All products are colorless, viscous oils. The
analytical data for 3a—e are shown in Table 2.
IR (film; cm™!): 2930,2900,2840, 1450, 1340
(C-H); 1300-1100 (C-O-C).

'"H-NMR (80 MHz, CDCl;/TMS; ppm). 0.9 (t,
CH,); 1.3 (m, CH,); 34 (s, OCHj); 3.5-3.6 (m,
OCH,, OCH).

2.2. Measurements
2.2.1. Optical microscopy

All microscopic investigations are carried out
with a Leitz-Ortholux II Pol-BK microscope
equipped with a modified Mettler FP 80/82 hotst-
age which can be cooled with liquid nitrogen to
— 60°C. Samples of different concentrations are
prepared using an analytical balance and mixed in
Teflon capsules on a vibrating mill. All points of
the phase transitions in the phase diagram are
determined by heating the samples. Penetration
technique experiments are performed to obtain
a first information about the phase behavior, all
temperature minima and maxima of the liquid
crystalline and solid phases, and the eutectic and
melting point.

2.2.2. X-ray diffraction

Diffraction studies are performed with a rotat-
ing anode generator (6.4 KW) in a point-col-
limated Kiesig camera under vacuum with Ni
filtered CuK« radiation (4 = 1.542 A) at distances
of 390 mm. The samples are encapsulated in
special thin-walled capillary glass tubes (2.0 mm
diameter) and placed in a temperature-controlled
sample holder. The exposure time takes about
23 h.

3. Results

3.1. Phase behavior

The phase behavior of the amphiphiles 3a—e is
determined over the whole concentration range in
aqueous solution. The phase diagrams are shown
in Fig. 2. It should be noted that the phase

L

Fig. 3. Water penetration into 3d showing from left to right:
micellar phase L,/hexagonal phase H,/L,/lamellar phase
L,/isotropic phase L,/C.A. at 0.5°C

sequence and the LC polymorphism of the surfac-
tants is very similar. In these diagrams we can
identify phase regions corresponding to the lamel-
lar L,, hexagonal H, phase and isotropic liquid
phases such L,, L,, and L;. For example, Fig.
3 shows a photograph of the contact preparation
of 3d surfactant with water. The phase boundary
lines of H, and L, phase can be recognized clearly.
Characteristic data of 3a-e are summarized in
Table 3.

If we analyze the phase diagrams in detail,
within this series of surfactants the following com-
mon behavior is observed in aqueous solution.
Except for amphiphile 3e, the amphiphiles 3a—-d
are soluble over the whole concentration range
and exhibit beside the isotropic solution L; and
L, liquid crystalline phases. At low temperatures
the solubility is limited by the crystallization of
one component of the system and at high temper-
atures by a miscibility gap with a lower critical
consolute point at the critical temperature T.. The
miscibility gap is strongly shifted unsymmetrically
towards the water-rich side of the phase diagram.
Above the cloud curve two isotropic solutions
L + L, coexist. For 3e the miscibility gap extends
to temperatures as low as the liquidus line. For
amphiphiles 3b-e the cloud curve reaches the
coexistence regime of the lamellar phase and the
isotropic phase L;. Above this temperature the
biphasic regime of the miscibility gap consists of
isotropic solution L and anisotropic L,. The ana-
lysis of the phase boundary line between the
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Table 3. Selected physical data for 3a—e surfactants (T,,, = maximum transition temperature of LC phase; T, = lower
critical consolute temperature; F = melting temperatrue of pure surfactant. Temperature in °C £ 0.5°C)

Surfactant LC phases Tomax T, F

Hl o
3a (C6),GEsM 2.0 20.0 325 —10.5
3b (C1),GEM 0.8 444 16.5 — 170
3c (Cg),GEsM 0.6 438.0 11.5 - 13
3d (C,),GE (M 18.5 57.5 375 2.5
3e (C1),GEsM - 29.2 <0 —230

L + L, biphasic regime and the homogencous
L, phase is optically not well feasible and there-
fore indicated in the phase diagram with a dashed
line.

At high amphiphile concentration all am-
phiphiles 3a—e from lamellar L, phase of low
viscosity and with the characteristic optical tex-
tures of focal conic, mosaic, oily streaks and ho-
meotropic areas. Additional to the microscopic
texture, the lamellar phase is identified by x-ray
measurements. Two diffraction rings in a ratio of
1:2 are observed; they correspond to the first- and
second-order Bragg reflex resulting from the
equally spaced layers of a lamellar phase.

Above the L, phase of 3b—e a narrow band of
isotropic solution L, or L is found. With increas-
ing temperature these isotropic solutions separate
into two coexisting isotropic solutions L + L,
(miscibility gap).

Except for 3e all investigated amphiphiles form
at lower amphiphile concentration a highly vis-
cous hexagonal H, phase. The existence domain
for Hy of 3a—c is very small. For 3b the H, phase
is observed with a penetration experiment with
the upper temperature limit of 0.8 °C. By thor-
ough examination of samples of different concen-
trations the H; phase regime could not be found,
so that the exact phase boundary lines are rather
uncertain. In addition to the microscopic fan-
shaped textures, the hexagonal phase is identified
by x-ray measurements of 34 with Bragg reflexes
at angles that correspond to 1:./3:2 distances,
typical of a hexagonal lattice. Between the H, and
L, phase of 3a—d no V, phase is observed, but the
micellar solution L, exists.

At low temperatures a two-phase region is
located between the liquidus line and the eutectic
line. At concentrations below the eutectic point
pure water crystallizes in presence of the isotropic

phase L; or mesophases. At concentrations above
the eutectic point crystalline amphiphile coexists
with mesophase or isotropic phase L,.

4. Discussion

The phase diagrams of the V-amphiphiles re-
veal that the LC polymorphism of this series is
clearly determined by the molecular geometry ac-
cording to the packing model. In the following we
will discuss the phase behavior of amphiphiles in
aqueous solutions: i) within a homologous series
of V-amphiphiles depending on the HLB; ii) of
corresponding V-, Y-, I-amphiphiles with the
same HLB but different molecular geometry, and
iii) of the corresponding homologous series of V-,
Y-, [-amphiphiles in dependence on the HLB and
molecular geometry. '

i) Phase behavior within a homologous series of
V-amphiphiles in dependence of the HLB

Within the homologous series of V-amphiphiles
3a—e the polymorphism of the LC phases is very
similar and independent of the HLB. The phase
diagrams exhibit regions corresponding to lamel-
lar and hexagonal phases (except for 3e). If we
analyze the LC phase behavior some systematic
trends of the phase stability are obtained by
changing the hydrophilic (m), or lipophilic (n),,
chain lengths (changing the HLB).

For the phase regime of the hexagonal H,
phase we see a decrease of the H, stability (de-
crease of the upper temperature limit Ty) as (n),,
increases 3a—c and increasing H, stability as (m),
increases 3b, 3d (see Fig. 4). These trends are in
accordance with the packing model. Lengthening
of the alkyl chains with a constant hydrophilic
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Fig. 5. Maximum transition temperature T, of the L, phase
depending on alkyl chain length n, and number of oxyethy-
lene units m per surfactant

group (A = const) leads to a larger lipophilic
cross-section ratio V,/l; and therefore to a larger
critical packing parameter F, which causes a de-
stabilization of the hexagonal phase. The phase
regime of the H; becomes smaller in favor of the
lamellar L, phase, as expected from Eq. (1). The
lengthening of the oxyethylene chain with a con-
stant lipophilic moiety (V,/I, = const) leads to
a larger hydrophilic cross-section ratio A4 and
therefore to a lower F parameter. The phase re-
gime of the hexagonal phase enlarges.

For the phase regime of the lamellar L, phase
essentially the same arguments hold. It is interest-
ing to note that an increase of the alkyl chains
length (n),, by 3a—c as well as an increase of the
oligo-oxyethylene chain length (m), by 3e, 3b, 3d
results in an increase of the upper temperature
limit T, for the lamellar phase (see Fig. 5). On the
other hand, the concentration range of the lamel-
lar phase becomes smaller with increasing (m),,
but broadens significantly with increasing (n)p,.

Fig. 6. Dependence of the cloud point T, on alkyl chain
length n, and number of oxyethylene units m per surfactant

Finally, the lower critical consolute temper-
atures T, of the surfactant solution 3a—e have to
be mentioned. An elongation of the hydrophobic
alkyl chains (n),, strongly reduces T.. A shortening
of the oxyethylene units (m), also drastically re-
duces T, (see Fig. 6).

ii) Phase behavior of V-, Y- I-amphiphiles with the
same HLB but different molecular geometry

The particular topological structure of the cor-
responding V-,Y- and [-amphiphiles is the domi-
nant factor that determines the different phase
behavior in water. The molecular geometry and
especially the relative cross-section ratio of the
polar and apolar surfactant moieties determine
the packing arrangement (micellar shape) and the
structure of the LC phase. For example, (see Fig.
7), the Y-amphiphile C,,G(E,M), [3] with the
very large cross-section A of the polar moiety
forms spherical micelles and cubic I; phases in
water. Additionally, at high surfactant concentra-
tions a small region of hexagonal H,; phase is
observed. The V-amphiphile 3¢ with the same
HLB, but a very large cross-section of the apolar
moiety (Vy/l.), shows a stabilization of the lamellar
L, phase. At low surfactant concentrations a small
region of a hexagonal H, phase is observed. The
corresponding linear I-amphiphile C,,EgM [4]
shows a stabilization of the hexagonal H, phase
and, additionally, a small region of cubic I; phases
at lower surfactant concentrations. It should be
mentioned, however, that within this series the
HLB of the I-amphiphile slightly differs from the
other systems.

For these surfactants the cross—section ratio of
the polar and apolar surfactant moieties decreases
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in the series Y - I - V surfactants. As a conse-
quence the curvature of the micellar associate
decreases and a change of the dominant phase
structure from cubic for Y-amphiphiles over hex-
agonal for I-amphiphiles to lamellar for V-am-
phiphiles is observed.

iii) Comparison of the phase behavior of the
homologous series of V-,Y- I-amphiphiles in
dependence of HLB and molecular geometry

The influence of the molecular geometry on the
phase behavior in water becomes evident if
one considers the whole corresponding homo-
logous series of V-, Y- and I-amphiphiles by
variation of HLB. The homologous series of
V-amphiphiles shows the same LC polymorphism
independent of HLB. It clearly reflects the
influence of the molecular geometry due to the
splitting of the alkyl chain (large V/l.). The
critical packing parameter Fy compared to
the corresponding I- and Y-amphiphiles is large.
This causes the stabilization of bilayered micelles
and particularly the formation of the lamellar
phase.

The polymorphism of the LC phases within the
corresponding homologous series of Y-am-
phiphiles [3] is very different to that of the V-
amphiphiles. The phase diagrams exhibit two cu-
bic I; phases and one hexagonal phase and is
similar for all Y-amphiphiles and independent of
the HLB. The branching of the hydrophilic chain
increases the interfacial area A4 per molecule at the
micellar interface. This causes a critical packing
parameter Fy smaller than for the corresponding
I- and V-amphiphiles. Consequently stabilization
of spherical micelles and I, cubic phases is ob-
served.

In contrast to the previous observations, the
LC phase polymorphism of the homologous
series of corresponding I-amphiphiles C,,E M
m=4,6,8 [4] is very different and strongly de-
pendent on the HLB. The elongation of the hy-
drophilic chain leads to extreme changes in the
LC phase structure (from L, for C;,E;M to 1,/H,
for C;,EgM). This reflects the strong influence of
the relative cross-section ratio of the polar and
apolar surfactant moieties on the lengthening of
polar chain due to the particular topological
structure of the linear amphiphile.
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It is interesting to note that the phase behavior
of the homologous V-amphiphiles 3a—e is very
similar to the phase behavior of the homologous
series of linear I-amphiphiles C,E, with
(M)m=4 = 10,12 and (m),~, = 3-5 [5]. The HLB
of these homologous V- and I-amphiphiles is very
different. This indicates that in accordance with
the critical packing parameter model, the relative
cross-section ratio of the polar (4) and apolar
(V1/1,) surfactant moieties of these V- and I-am-
phiphiles must be alike.

Finally, we will compare the solubility and the
lower critical consolute temperature T, of the
homologous series of V- and Y-amphiphiles. In
general, the solubility and the miscibility gap of
V-amphiphiles compared to the corresponding Y-
amphiphiles is very different and strongly depend-
ent on the HLB. The reason for the different solu-
bility might be found in the different shape of
micellar associates of these surfactants, which leads
to different clouding process. The Y-amphiphiles
form very stable, small, spherical micelles [6]. The
size of the spherical micelles is determined by the
chemical structure of the surfactant and cannot
grow. Therefore, the clouding process mainly arises
from the dehydration of the oxyethylene groups.
This explains the nearly constant T, (54.2-52.4°C)
of the homologous series of Y-amphiphiles
C,G(E M), for n=10-16 with the same hy-
drophilic moiety [3]. The V-amphiphiles probably
form rods or disc-like micelles and the micellar
growth has a larger influence on the clouding pro-
cess than dehydration of oxyethylene groups with
increasing temperature [4]. This argument is con-
firmed for the amphiphiles 3a—c having the same
hydrophilic moiety. The critical consolute temper-
atures T, is lowered by 21 °C by lengthening of the
lipophilic alkyl chains from n = 6 to n = 8. Simul-
taneously, we observe with decreasing solubility and
decreasing T, a stabilization of the lamellar phase.

5. Conclusions

To elucidate pure packing effects on the
micellar shape and the formation of LC phases,

a comparison between the phase behavior of Y-, I-
and V-amphiphiles with similar HLB but different
geometric relations between the polar and apolar
surfactant moieties has been performed. It can be
clearly noted that the LC phase behavior is essen-
tially determined by the molecular geometry
rather than by the HLB. Only in the I-amphiphile
series is the LC polymorphism determined by the
HLB.

While the molecular geometry of the surfac-
tants clearly determines the LC polymorphism,
the micellar shape in the isotropic phase region is
still an open question. Although we know that the
Y-amphiphiles form small spherical micelles, the
micellar geometry of the V-amphiphiles with
concentration and temperature still has to be
analyzed. These measurements will clarify
whether the systematics found for the LC phase
regime also hold in isotropic solution with respect
to the relation micellar shape and molecular
geometry.
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