
Structure of Water in Microemulsions: Electrical, 
Birefringence, and Nuclear Magnetic Resonance Studies 

Abstract. Microemulsions, which are optically transparent oil-water disper- 
sions, were produced by mixing hexadecane, hexanol, potassium oleate, and 
water. As the amount of water is increased, the microemulsion exhibits a clear 
to turbid to clear transition. In contrast to the clear regions, the turbid region 
possesses birefringence. The development of birefringence is also accompanied 
by a sharp decrease in the electrical resistance. The high-resolution (220 mega- 
cycle) nuclear magnetic resonance data suggest that water exists in two dis- 
tinct molecular environments in the birefringent region; the first environment is 
characterized by relatively less mobile water molecules than oil molecules, whereas 
in the second environment oil molecules are less mobile than water molecules. The 
electrical, birefringence, and nuclear magnetic resonance data are in agreement 
with the proposed mechanism of change in the structure of water from water 
spheres to water cylinders to water lamellae. The chemical shift of water protons 
suggests that the molecular environment of water in spheres is different from 
that of water in cylinders or that of water in lamellae. 

Microemulsions are optically clear, 
stable dispersions of oil and water usu- 
ally obtained by using a variety of sur- 
face-active molecules or mixtures of 
molecules as emulsifiers (1, 2). Such oil- 
in-water or water-in-oil microemulsions 
have been examined by low-angle x-ray 
measurements (3), light scattering tech- 
niques (4), ultracentrifugation (5), elec- 
tron microscopy (2), and viscosity mea- 
surements (6), and have been shown to 
consist of droplets 100 to 600 A in di- 

ameter. The water-in-oil type of micro- 
emulsion provides a very useful system 
for the study of the structure of water 
near charged surfaces produced by po- 
lar groups of emulsifiers. We report here 
the effect of an increase in the water 
content of microemulsions on their elec- 
trical, optical, and nuclear magnetic 
resonance (NMR) characteristics. 

Microemulsions were produced by 
mixing hexadecane (oil), hexanol, and 
potassium oleate in a test tube in the 

following proportions: for 1 ml of hex- 
adecane, 0.4 ml of hexanol and 0.2 g of 
potassium oleate were added. Water was 
added in small amounts to this mixture, 
which was then shaken vigorously. Opti- 
cal clarity, birefringence, electrical re- 
sistance, and NMR measurements were 
made upon the gradual addition of wa- 
ter to this mixture. Two polarizing plas- 
tic sheets were arranged perpendicular 
to one another to detect birefringence 
of the microemulsions. Two glass-sealed 
copper wires (0.16 cm thick) were 
used as electrodes. A 1-cm length at 
the end of each wire was exposed out- 
side the glass tube, and the copper wires 
were separated by 0.8 cm. The electri- 
cal resistance of the mixture was mea- 
sured by dipping the electrodes, con- 
nected to a conductivity bridge (Beck- 
man model RC 16B2), into the micro- 
emulsions. Nuclear magnetic resonance 
spectra were obtained after the gradual 
addition of water to the microemulsion 
in the sample tube of the NMR spec- 
trometer (Varian HA-220 megacycle). 
Tetramethylsilane was used as an inter- 
nal standard. All chemicals were of high 
purity (> 99 percent), and the water 
was double-distilled. 

Figure 1 shows the optical and bi- 
refringence characteristics as well as the 
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Fig. 1 (above). Variation in electrical resistance, optical clarity, 
and birefringence of microemulsions as the water content in- 
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creases. The microemulsion contains 0.20 g of potassium oleate 0 . -. 
per milliliter of oil; the ratio of hexanol to oil is 0.40 (by vol- 0 0. . 6 1.8 
ume). Fig. 2 (right). Variation in the bandwidth at half Ratio of water to oil (by volume) 
height and chemical shift of (A) water, (B) methylene, and (C) methyl protons in high-resolution NMR (220-megacycle) spectra 
of the same microemulsion as that in Fig. 1, as the water content increases. The upper part of the diagram shows corresponding data 
on optical clarity and birefringence. 
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measured electrical resistances as a func- 
tion of the water content of the micro- 
emulsions. Figure 2 shows the chemi- 
cal shifts and bandwidths at half height 
of the major peaks in the NMR spectra 
of the microemulsions. As the amount 
of water increases, the microemulsion 
passes through a clear to turbid to clear 
transition. In contrast to the two clear 
regions, the turbid region exhibits bi- 
refringence. After clarity returns for the 
second time, the dispersion becomes 
opaque, milky, and nonbirefringent 
(Fig. 1). The variation of the electrical 
resistance as a function of water con- 
tent follows a very unusual pattern. For 
ratios of water to oil from 0.2 to 0.6, 
there is no significant change in the re- 
sistance. However, in the birefringent 
region the electrical resistance falls 
sharply at ratios close to 0.7 and 1.0, 
and subsequently it increases and then 
decreases (Fig. 1). The NMR data also 
indicate that in the birefringent region 
distinct changes occur in the chemical 
shifts and in the broadening of reso- 
nance peaks of water and hydrocarbon 
protons. It is evident that the chemical 
shift of water protons is markedly in- 
fluenced in contrast to that of methylene 
or methyl protons (Fig. 2). 

The variation in electrical resistance 
is explained as follows. The resistance 
drops from 106 to 105 ohms as the 
ratio of water to oil approaches 0.1; 
this effect is presumably due to the mo- 
lecular solubilization of water in the 
hexadecane-hexanol-potassium oleate 
mixture. This interpretation is sup- 
ported by the observation that the hy- 
droxylic protons of hexanol show an up- 
field shift from 1175 to 1165 cycles per 
second with the initial addition of wa- 
ter. The occurrence of a single peak for 
hydroxylic and water protons suggests 
that there is a rapid rate of exchange 
between these protons. The constancy 
of resistance between the ratios 0.1 to 
0.65 suggests that further addition of 
water results in the formation of micro- 
emulsions consisting of water spheres 
in the continuous oil medium, in which 
the interface between the oil and water 
is the main barrier controlling the ion- 
transport between the electrodes. It is 
expected that microemulsions having 
such water spheres would be nonbire- 
fringent. 

An abrupt drop in resistance in 
the birefringent region cannot be ex- 
plained in terms of an abrupt increase 
in the dissociation of potassium oleate 
since this does not explain the devel- 
opment of birefringence. We propose 
that the sharp drop in resistance and 
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the development of birefringence are 
due to a transition in the structure of 
water from water spheres to water cyl- 
inders to water lamellae in this system. 
The NMR data, which indicate that 
water exists in two distinct molecular 
environments in the birefringent region, 
support this mechanism. In the first 
environment in the birefringent region 
the chemical shift of water protons 
moves upfield by 25 cycles per second 
and in the second environment by 50 
cycles per second as compared to that 
of water spheres (Fig. 2). However, the 
bandwidth at half height of water pro- 
tons is considerably greater in the first 
as compared with the second environ- 
ment. The bandwidth is related to the 
molecular mobility or motion. In gen- 
eral, the greater the bandwidth, the 
smaller the molecular mobility. The mea- 
surements of the bandwidth at half 
height suggest that water molecules are 
less mobile or have less mobility in the 
first environment than in the second. 
In contrast to water protons, the band- 
width of methylene protons suggests 
that hydrocarbon chains are less mo- 
bile in the second environment than in 
the first. These are expected character- 
istics if the first environment consists of 
water cylinders dispersed in a continu- 
ous oil medium and the second environ- 
ment consists of water and oil lamel- 
lae. Water molecules would be less mo- 
bile in the cylinders than in the lamel- 
lae. Moreover, the formation of these 
structures would also decrease electri- 
cal resistance since the ions could mi- 
grate within water cylinders or lamel- 
lae without passing through the oil- 
water interface. The formation of these 
structures can also account for the de- 
velopment of birefringence. The ratios 
of water to oil characterizing two dis- 
tinct molecular environments on the 
basis of NMR data are slightly higher 
than those showing an abrupt decrease 
in electrical resistance. This effect is 
presumably due to the high spinning 
rate (6500 revolutions per minute) of 
the NMR sample tube, which may pro- 
vide enough mechanical energy to shift 
the transition of water spheres to water 
cylinders to a higher ratio of water to 
oil. 

The most interesting finding is the 
observation that the chemical shift of 
water when water is distributed as 
spheres is different from that of water 
distributed as cylinders or lamellae. It 
can be suggested from the upfield chem- 
ical shifts of water protons (Fig. 2) 
that the energy required to flip the pro- 
ton spin is in the following order: wa- 

ter spheres < water cylinders < water 
lamellae. This ordering is of consider- 
able interest in relation to water in 
membranes and other biological sys- 
tems. 

The existence of such water cylin- 
ders of diameter 10 to 35 A and lamel- 
lae 5 to 30 A thick has been estab- 
lished in various lipid-water systems 
(7). Zlochower and Schulman (8) have 
shown that tight packing of hydrocar- 
bon chains in the lamellar structure 
causes extreme broadening of the meth- 
ylene peak in the NMR spectra. The 
molecular environments of these water 
cylinders and lamellae are not similar 
to that of polywater since, in contrast 
to the water cylinders and lamellae, the 
polywater exhibits a downfield shift as 
compared with that of normal water in 
the NMR spectra (9). 

From electrical and birefringence 
data we suggest that the two clear iso- 
tropic regions represent, respectively, a 
water-in-oil and an oil-in-water type of 
microemulsion. It is expected that, as 
the amount of water increases, the la- 
mellar structure will break down and 
the water will form a continuous phase 
containing microdroplets of oil stabi- 
lized by potassium oleate and hexanol. 
The increase in electrical resistance 
above a ratio of water to oil of 1.0 is 
mainly due to the disruption of the la- 
mellar structures, and the subsequent 
decrease above a ratio of 1.3 can be 
attributed to the formation of a continu- 
ous water phase (clear isotropic region). 
Therefore, the transition from water 
spheres to water cylinders to water la- 
mellae to a continuous water phase rep- 
resents the mechanism of phase inver- 
sion in microemulsions. However, it 
should be emphasized that the forma- 
tion of such structures depends upon 
the concentration of emulsifiers, which, 
in turn, determines the area available 
per surface-active molecule at the oil- 
water interface (10). Recently Ohki and 
Aono (11) have reported theoretical 
considerations for the formation of such 
structures in lipid-water systems. Phase 
inversion may result in a macro or a 
micro system, and the birefringent re- 
gion may be transparent or turbid, with 
the degree of turbidity dependent upon 
the chemical constitution of the system. 
The transition from lipid spheres to lipid 
cylinders to lipid lamellae is known 
for soaps (12). In this report we de- 
scribe such transition for water. We 
have considered other possible phases 
of lipid-water systems, but the proposed 
structures are the only ones that are 
supported by electrical, birefringence, 
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and NMR data. It should be mentioned 
that the viscosity of the microemulsions 
abruptly changes when water cylinders 
and lamellae are formed, and that the 
birefringent region is viscoelastic (13). 

The chemical shift of water when it 
forms the continuous phase is the same 
as that of water when it is dispersed in 
spherical form. This result implies that 
the molecular environment of water in 
spherical droplets in microemulsions is 
the same as that of normal water and 
that the polar groups of surface-active 
molecules do not significantly alter the 
molecular environment. However, Cra- 
tin and Robertson (14) have reported 
that the chemical shift of solubilized 
water is different from that of emulsi- 
fied water. 
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Recent developments are clarifying 
the complexities associated with XeF6 
in the solid state. Heat capacity mea- 
surements (1) indicated the existence 
of three phases, designated I, II, and III 
in order of decreasing temperature, with 
transitions at 19? and -19?C. A 
structure analysis (2) of the cubic 
phase (3) showed that it was an addi- 
tional phase, designated IV, which is 
stable from the melting point to at least 
-180?C (4). Phase I is monoclinic 
(3), and phases II and III are now 
known to be orthorhombic and mono- 
clinic, respectively (5). We here report 
structural relationships between phases 
I, II, and III inferred from x-ray crys- 
tallography. 

Experimental details of the prepara- 
tion of XeF6 and the growth of single 
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crystals of phase II have been pre- 
sented elsewhere (2, 4, 5). The most 
probable space group for phase II is 
Pnma or Pn21a. To a moderate ap- 
proximation the phase II cell constants 
bear a simple relation to the phase I 
cell constants: al - 2ai, b - b1, cnl 
ci. At -20?C the cell constants are 
all = 17.01 ? 0.04 A, b1: = 12.04 ? 
0.03 A, Cin = 8.57 ? 0.02 A. The cal- 
culated density is 3.71 g cm-3 on the 
assumption of 16 XeF6 units per unit 
cell. At -20?C with our x-ray cryostat 
XeF6 has sufficient vapor pressure so 
that material transport between vapor 
and solid occurs continuously under the 
conditions of an x-ray experiment. Only 
a limited time is available for satis- 
factory x-ray measurements, and these 
consisted of Polaroid precession photo- 

crystals of phase II have been pre- 
sented elsewhere (2, 4, 5). The most 
probable space group for phase II is 
Pnma or Pn21a. To a moderate ap- 
proximation the phase II cell constants 
bear a simple relation to the phase I 
cell constants: al - 2ai, b - b1, cnl 
ci. At -20?C the cell constants are 
all = 17.01 ? 0.04 A, b1: = 12.04 ? 
0.03 A, Cin = 8.57 ? 0.02 A. The cal- 
culated density is 3.71 g cm-3 on the 
assumption of 16 XeF6 units per unit 
cell. At -20?C with our x-ray cryostat 
XeF6 has sufficient vapor pressure so 
that material transport between vapor 
and solid occurs continuously under the 
conditions of an x-ray experiment. Only 
a limited time is available for satis- 
factory x-ray measurements, and these 
consisted of Polaroid precession photo- 

graphs of the hOl, hll, h21, and Okl re- 
flections out to 20 = 50?. We mea- 
sured relative intensities of 216 reflec- 
tions with the photometer, using the 
transmission mode on Polaroid prints. 
An additional 110 reflections were not 
measurable above background. The 
data contain serious limitations with 
respect to linearity. Corrections were 
made for Lorentz polarization effects. 

The xenon atoms were placed in 
space group Pnma by trial and error; 
this placement was followed by least- 
squares refinement with isotropic ther- 
mal parameters to yield an R factor 
(6) of 0.23 and a weighted R' factor 
of 0.26. A configuration of xenon 
atoms results which is compatible, with- 
in experimental error, with the 4 sym- 
metry found for the tetrameric associ- 
ation of XeF5+ and F- ions in phase 
IV (2) and for the xenon atoms in 
phase I (3). Least-squares refinement in 
space group Pn21a leads to unrealistic 
Xe-Xe distances, and Pnma is accepted 
as the most probable space group. This 
means that the tetramer is centered on 
a mirror plane as in phase IV and that 
the structure contains right-handed and 
left-handed configurations (7) distrib- 
uted at random. The scattering model 
contains four tetramers of each con- 
figuration of weight 12 which are super- 
imposed. 

No useful information concerning 
fluorine positions was obtained from 
difference syntheses. This is not unex- 
pected in view of the limited quantity 
and quality of the available data. Fluo- 
rine positions were postulated from the 
tetrameric component of the phase IV 
structure (2). Least-squares refinement 
with a single thermal parameter for the 
fluorine atoms reduced R to 0.15 and 
R' to 0.18. This improvement suggests 
that the scattering model is largely cor- 
rect in broad outline. However, the 
data are ill-conditioned for least-squares 
refinement, and no significant informa- 
tion about Xe-F distances was obtained. 
There are two F- bridged Xe-Xe dis- 
tances at 4.10(2) A and two at 4.07(2) 
A (estimated standard deviations are 
given in parentheses). There is one non- 
bridged Xe-Xe distance at 4.50(2) A 
and one at 4.52(2) A. 

Figure 1A illustrates the Xe positions 
reported for phase I (3), and Fig. 1B 
shows the Xe positions of phase II. 
Half of the tetramers are in approxi- 
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Figure 1A illustrates the Xe positions 
reported for phase I (3), and Fig. 1B 
shows the Xe positions of phase II. 
Half of the tetramers are in approxi- 
mately the same orientation in either 
phase, whereas the other half are in 
grossly different orien,tations. Evidently 
a single crystal cannot maintain its in- 
tegrity through either the transformation 
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Xenon Hexafluoride: Structural Crystallography 
of Tetrameric Phases 

Abstract. Three crystalline phases of xenon hexafluoride are based on tetra- 
meric association of XeF5+ and F- ions into eight-membered rings. Phase I 
(monoclinic, 8 XeF6 units per cell) transforms at ~ 10?C to phase II (ortho- 
rhombic, 16 XeF6 units per cell), which in turn transforms at - 25?C to phase 
III (monoclinic, 64 XeF6 units per doubly primitive cell). The transformation 
from phase I to phase 1I requires gross reorientation of half of the tetramers in the 
structure. The transformation from phase 11 to phase 111 involves only an ordering 
of right-handed and left-handed configurations. 
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