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The phase diagrams of sodium monobutyl and monohexyl phosphate/water systems
have been derived from NMR and X-Ray diffraction experiments. Isotropic, lamellar,
hexagonal and gel phases have been observed over the considered concentration and
temperature range (surfactant molar fraction X"j from 0.1 to 04 and —-20°C< T
< 100°C). They were delineated by *'P and water ‘H NMR and identified by means of
small angle X ray diffraction from which geometrical parameters have been derived.
The hexagonal phase was shown to exhibit a strong tendency to orient in the magnetic
field upon slow cooling from the isotropic phase. This macroscopic orientation remains
indefinitely stable out of the magnetic field. Monobuty]l and monohexyl phosphates
exhibit similar phase diagrams which can be derived from each other by a simple shift
along the concentration and temperature scales. Only the monobutyl derivative has
therefore been extensively studied. Special attention has been paid to the hexagonal
ghase, since its orientation properties allow some particular experiments to be done.
H NMR was used to monitor the orientation of water molecules in the hexagonal
phase. The molecular order and equilibrium conformation of the surfactant molecules
were derived from *'P chemical shift anisotropy, *H quadrupolar splittings of the
hydrocarbon chain, as well as by means of the unusually well resolved '*C —3'P and
"H - 3'P dipolar couplings observed on oriented samples.
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INTRODUCTION

Surfactant molecules containing both an aliphatic chain (hydrophobic
core) and a polar head group give rise generally to lyotropic liquid
crystalline phases upon mixing with appropriate amounts of water. A
very large number of such compounds have been studied' because of
their practical interest. However, since their properties are primarily
due to the amphiphilic character, much attention has been given to
surfactant molecules containing long hydrocarbon chains (from 8 to
18 carbon atoms). A complete determination of molecular order along
the chain (using essentially 2H NMR) is very difficult if selective
deuteration is required to make unequivocal analysis. Moreover,
computer simulation of molecular conformations quickly becomes
impossible for an increasing number of carbon atoms, since over-
whelmingly large memory sizes and computing times are required. It
is therefore of interest to seek for chemically simpler models. In a
previous study, we have shown? that in a given concentration-
temperature range, sodium dibutyl phosphate-water systems exhibit a
stable lamellar phase. We now report some results obtained with even
simpler molecules, i.e., the monosodium salts of monohexyl and
monobutyl phosphoric acids. In spite of their limited chain lengths,
these systems are shown to exhibit a variety of lyotropic phases upon
mixing with water. Most of the data presented here deal with sodium
monobutyl hydrogenophosphate. Results with the monohexyl deriva-
tive are very similar and only the phase diagrams will be compared.

EXPERIMENTAL

Monoalkyl phosphoric acids have been prepared from the corre-
sponding alcohols and POCI, using published procedures.” Per-
deuteriated n-butanol, 2H,0, 'H,0 and ’H,'70 where from CEA
(Saclay, France). [1.1 2H,] and [1.1.2.2. ?H,] butanols were obtained
by LiAI’H, reduction of normal and [2.2.2".2" H,] butyric anhydrides
respectively. The latter compound was previously* obtained by decar-
boxylation of 2H,0 exchanged ethylmalonic acid. All samples were
found to be at least 98% pure by *'P, '3C and 'H NMR using dilute
solutions in 2H,0. The free monobutyl (MBPH,) and monohexyl
(MHPH,) phosphoric acids were converted into the monosodium
salts (MBPHNa and MHPHNa) by adjustment to pH =52 of a
dilute aqueous solution with NaOH. Further treatment with active
charcoal, Chelex 100 chelating resin and final filtration on 0.45 p
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Millipore filters yielded a clear colorless solution. The pure monoso-
dium salts were obtained upon freeze-drying as white fluffy hygro-
scopic powders.

Depending on the kind of NMR experiments, samples were either
prepared in H,0 or in deuterium depleted 'H,0. The solid salts were
weighted in 8 mm OD glass tubes. After addition of the required
amount of water, the tubes were frozen and sealed under vacuum.
Visually homogeneous samples were obtained after heating at 60-
70°C for periods of time ranging from a few minutes to several hours
depending upon the concentration of water. Samples of low water
content were obtained preferably by slowly concentrating dilute solu-
tions.

NMR measurements have been performed using either a Bruker
WM 500 multinuclear spectrometer (superconducting magnet, B,
= 11.74T) or an iron core WH 90 Bruker multinuclear spectrometer
(B, =2.17T). Single pulse experiments have been used in all cases.
All samples were allowed to reach thermal equilibrium for at least 15
min after any temperature change.

The NMR samples have been further analysed by small angle
X-ray diffraction using a Guinier type chamber. The system was
maintained under high vacuum, the sample being sealed between
Mylar windows in aluminium cells. A bent quartz monochromator
was used to focus the 1.54 A copper radiation along a vertical line.
The sample was heated using an electrical oven, the temperature
being controlled to +0.5°C. Characteristic parameters have been
measured directly on the photographic film and the reported data
have an estimated precision of +0.5 A.

RESULTS

I. 3'P NMR observation of lyotropic phases

3P NMR was first used to examine the behaviour of monoal-
kylphosphate /water systems as a function of temperature and con-
centration. Throughout this paper, concentration will be given as the
molar fraction of surfactant in the sample (X,,). This parameter is
preferred to the classical percent weight, since it allows direct compar-
ison between samples prepared in 'H,0 or *H,0, although small
isotopic effects have been detected. Experiments in progress show that
the isotropic phase corresponds to a micellar solution containing a
large amount of monomeric species. The *'P spectra of the lamellar
(L,) and hexagonal (H,) phases are characteristic of axially symmet-
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ric systems. Going from the hexagonal to the lamellar systems is
evidenced by the simultaneous inversion and increase of the chemical
shift anisotropy. The position of the hexagonal phase in the phase
diagram (vide infra) strongly supports the H, type, formed of long
cylinders the cores of which contain the hydrophobic aliphatic chains.

il. 2H NMR of water molecules in the mesophases

A further confirmation of the results of 3'P experiments was provided
by water *H spectra. Figure | shows some spectra typical of the
phases. The “gel” phase is characterized by a marked line-broadening
indicative of a restricted motion of both water and surfactant mole-
cules. It probably corresponds to rigid surfactant surrounded by water
molecules incorporated in the lattice. No isotropic line has been
observed in the vicinity of 0°C, below the transitions with the H, and
L, phases, in contrast with the sodium dibutylphosphate/water sys-
tem under similar conditions, where we are probably dealing with a
mixture of ice and organic crystals. In Figure 2, the shaded area

_WkHz KMz

Fa——

Tz 1KHz

S

FIGURE 1 2H NMR spectra of 2H,0 in MBPHNa/?H,0 systems. H, = direct
hexagonal phase (X, = 0.17, 300 K). L, Lamellar (X, = 0.40, 300 K) H, + L (X
=0.22, 300 K). G = gel phase (X, = 0.40, 270 K).
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corresponds to a region where two H quadrupolar patterns related to
the H, + L, mixture are superimposed.

lll. Phase diagrams and X-ray diffraction

Temperature dependence studies of the 2H and *'P NMR parameters
allowed us to describe the whole phase diagram in the range —20 to
100°C. Studies at higher temperatures were precluded by hydrolysis
of the samples observed upon heating at 100°C for periods of time
exceeding one hour. The complete phase diagrams of MBPHNa and
MHPHNa are shown in Figure 2. In the G phase, partial organization
of the aliphatic chains was observed by X-ray diffraction, since large
angle lines appeared under these conditions. However, this organiza-
tion of the chains does not seem to be highly cooperative as expected
for these very short chain lengths. The temperature range of the
L,— G transition is ca. 10°C. The nature of the hexagonal phase first
identified by >'P NMR was further confirmed by X-ray diffraction,
since three diffraction orders have been detected in the expected’
ratio 1, y3, 2. The hexagonal to isotropic transition was found to
occur at the same temperature as that obtained by NMR analysis.
The complete disappearance of diffraction lines in this phase supports
the isotropic (micellar) structure and is not consistent with other
symmetric phases (i.e., cubic systems) which are magnetically iso-
tropic. The lamellar phase (L,) was shown by X-ray diffraction to
give rise to two or three identically spaced diffraction lines. An
expected “melting” of the L, phase to an isotropic structure at high
temperature could not be detected since degradation was very fast at
T > 100°C. It is clear from Figure 2 that the phase diagrams of
monobutyl and monohexyl phosphates are derived from each other
by a simple translation along the temperature and concentration
scales. Most of the data presented in this paper will therefore deal
with the simpler monobutyl derivative. In both cases, the limit be-
tween L, and H, phases is almost vertical and no thermal transition
could be induced between these phases. On the other hand, the
hexagonal to isotropic phase transition occurs in a very narrow
temperature range. Temperature cycles could be repeated many times
along this transition without any detectable hysteresis. The tempera-
ture dependence of the NMR parameters have been studied and will
be compared to the geometrical parameter dependence in the next
section of this paper.

IV. Geometrical parameters of the L, and H, phases of MBPHNa

X-ray diffraction experiments yield only the total layer thickness d,
and the distance d between the axes of cylinders for the lamellar and
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hexagonal phases respectively. Simple geometrical considerations
however allow the respective contributions of the polar and aliphatic
parts to be determined.’

For the hexagonal phase, the area per polar head S and the
diameter 2R of the cylinders containing only the aliphatic chains are
given by the following equations:

MgV X,V 1-C)- V.
S = BB 27 A_A+( _) S )
Nd 3 XV CVy
Mgy

with

C: Surfactant concentration in the sample (weight ratio)

X4, Xg: weight ratio of the polar and non-polar moieties of the
surfactant molecule.

V., Vg: specific volumes of the polar and non-polar moieties

V4: specific volume of the solvent

Mpy: molecular weight of the aliphatic chain

N: Avogadro number.

The specific volume of the surfactant (MBPHNa) was measured by
pycnometry (V,5 =0.68 cm®- g~ "). ¥, and V where derived assum-
ing additivity of partial molar volumes. This yields ¥, = 0.31 cm?-
g 'and V3= 1423 cm’ g™, using the literature data for the molar
specific volumes of CH, (16.3 cm®) and CH, (32.15 cm?) units.® The
obtained values of § and 2R for the hexagonal phase are shown in
Figure 3. It is observed that they are almost temperature independent
in the range considered here. For the monobutyl derivative, typical
values are S = 66 A% and 2R = 8.2 A for C = 0.65.

Similar relations can be derived for the lamellar phase from the
total layer thickness d,. The ratio of the two sublayers thicknesses
(d,.dy. thickness of the polar and aliphatic layers respectively) and
the average area per polar head are given by:

CXoV
dpfdy= ——B2 8B )

S= a1 A ~ (4)
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For C = 0.8, typical values are S = 25 A, d, =93 A and dg=10 A.
They are almost temperature independent as shown in Figure 3. The
constancy of all geometrical parameters in the considered temperature
range for pure phases is consistent with the observation that NMR
parameters (shown in the same figure) do not experience any signifi-
cant variation under the same conditions.

For MBPHNa, the transition from the lamellar to the hexagonal
phase involves, as expected, a significant increase in the available area
per polar head and a reduction of the average aliphatic chain length.

V. Orientation of the hexagonal phase In the magnetic fieid

The orientation properties of the hexagonal phase under study is
evidenced by NMR on all observed nuclei. NMR observation of
freshly prepared samples shows typical polycrystalline powder spectra
with axial symmetry (see for example the H, type spectra in Figures
4a and 5a). However, if the sample is heated in the spectrometer
probe up to the pure isotropic phase and slowly cooled down, typical
oriented spectra are obtained. Full thermal cycles are shown in
Figures 4 and 5. This behaviour is characteristic of the macroscopic
orientation of the directors in the magnetic field. In the present case,
the long rods of the hexagonal phase are on the average parallel to the
static magnetic field. In fact, the line shapes are characteristic of an
orientation distribution about this direction. This macroscopic orien-
tation is frozen out if the sample temperature is lower than the
hexagonal to isotropic transition. No disruption takes place if the
sample is removed from the magnetic field, and the macroscopic
orientation remains unchanged after several months at room tempera-
ture. This outstanding feature is further shown in Figure 6 where
different combinations of orienting-observing fields have been consid-
ered. It is clear, however, that a more perfect orientation is achieved
at very high field (11.74T) since sharper and more symmetrical lines
are observed as compared to medium field spectrometers (2.117).
This property makes it possible to obtain very well resolved spectra as
shown in Figure 7. The angular dependence of the ?H splittings and
line-shapes observed at 2.177, where the sample tube is oriented
perpendicular to H,, have been interpreted by a narrow orientation
distribution of the rods in a plane orthogonal to the sample axis
(Figure 8), which may be approximated by a gaussian function of ca.
15° half-width. No very significant differences were observed between
5 mm and 10 mm o.d. samples, showing that the wall effect is not the
predominant factor of this distribution.
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FIGURE 5 Temperature dependence of the water deuteron NMR spectra in the
hexagonal phase of MBPHNa/?H,O. Parameters are identical to Figure 4.

VI. Molecular order and conformation of the surfactant molecules in
the MBPHNa/water hexagonal phase

The 3'P chemical shift anisotropy (CSA), the deuterium quadrupolar
splittings of the hydrocarbon chain, as well as the unusually well
resolved '3C —3'P and *'P —'H dipolar splittings in oriented samples
allow a conformational analysis of MBPHNa in the hexagonal phase.
This analysis was performed by using the geometrical parameters’ of
the

P
—CH,—O0— | (0)—OH

o
residue. The molecular axes used in the present study are given in
Figure 9. The principal values of the CSA tensor are taken as a mean
of those given in® with a,, = — 56 ppm, 0,, = —2 ppm along the 0,0,
direction and the bisector of O,PO, respectively, and o5, = + 58 ppm.
2H and 'O NMR experiments on water nuclei show that the ratio of
the "0 /?H quadrupolar splittings is nearly 3 instead of ca. 6 for other
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FIGURE 6 2H NMR spectra of oriented samples of MBPHNa /2H,0 in the hexago-
nal phase, using different combinations of field and macroscopic orientation directions.
The vertical (relative to the sample tube) and horizontal fields are generated by the

WM 500 and WH 90 spectrometers respectively (see experimental section).

Cq

%]
Cq

)

10 ppm

500 K2

FIGURE 7 “High resolution” '*C (A) and undecoupled >'P (B) NMR spectra (11.74

T) of an oriented hexagonal sample (MBPHNa/2H,0 Xy, = 0.17, 300 K).
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FIGURE 8 Angular dependence of 2H (from 2H,0) quadrupolar splittings and line
shape obtained by rotating an oriented hexagonal sample in the magnetic field
(MBPHNa/?H,0, X, = 0.172, 300 K, 13.8 MHz).

lyotropic systems, in particular the dibutyl phosphate/water L,
phase.? This result suggests a fast exchange between the hydroxylic or
deuteron proton of the phosphate group and water and, therefore,
among the three equivalent oxygens of this group. This exchange
averages the CSA tensor along the P — O, direction with:

0 = 6,,c08’® sin’d + 0,,sin’® sin’d + 0,,cos% (5)
# =90°, ® = 35° being the polar and azimuthal angles of P O, in

the principal axes of the o tensor. One finds thus 6, ~ —38 ppm and
o, =19 ppm. The observed chemical shift-anisotropy expressed in
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FIGURE 9 Monobutyl phosphate in the all-rrans-conformation. and X, Y, Z
denote the symmetry axis of the exchange-averaged C.S.A. tensor an& the molecular
reference frame, respectively.

ppm being independent of the magnetic field (Hy=2.11T and
11.74T), the exchange rate is likely to be much larger than wp X
(3033 — (0, — 0,))~4 X 10* s™', w, being the *'P Larmor frequency
for Hy=11.715T.

In a hydrocarbon chain, the deuteron quadrupolar tensor is axially
symmetric about the C— D bond, the coupling constant being’
Xq = e’qQ/h=~170 KHz, and is further averaged by the overall
motion of the molecule as well as by the trans-gauche isomerization.
The deuteron quadrupolar splittings A, are given'® by the expression:

(Av,)y,= 3 (3cos’¥ — 1)y,
X [<312?Z — 1382z + (Sxx — Syr )<lz?X - lz?Y>:| (6)

For the "?C —3'P and *'P —'H dipolar splittings and *'P chemical
shift anisotropy, we have likewise:

(A”i)dip Y’YP (3 cos’¥ — l)[<( - l)ri_3>SZZ + (Sxx — Syy)
X <(IzX - 12 ) i—3>] (7)
(Ao)p = % [(31222 1)Szz + (Sxx — Syy )(lzX Iy )] (8)
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In these equations, ¥ is the angle between the static magnetic field
and the director of the mesophase, Sy, Syy,Sz> are the molecular
order parameters, I,,/,,,/,, denote the direction cosines of the
symmetry axes of the magnetic tensor with the principal direction of
the ordering tensor, and r, is the time dependent C; — P internuclear
distance.

Because of the symmetries of the molecule, we assume that the Y
and Z axes are in the P — O, — C, plane. The angle a of the Z axis
with P — O, is an adjustable parameter. In Equations 6-8, the angular
brackets correspond to a statistical average over the 27 possible
conformations of the P- O —- C—C— C— C fragment which de-
pends upon the populations of the trans-(T) and gauche-(G*) rota-
mers about the O, — C,, C, — C, and C, — C, bonds. The statistical
weight of a given molecular conformation u may be expressed by its
total potential energy with respect to the all-rrans form:

P,= ————F—  with )

3
Eu=j§l§jAEj+ AE, (8,=0,8,=1) (10)
AE; being the energy difference between the local gauche- and trans-
forms at the jth bond and AE, an increment due to intramolecular
steric constraints, such as the occurrence of a G* G~ local form."!

In micelles and lyotropic phases, the use of Eq. (9) and (10) in the
determination of conformational probabilities is questionable because
of additional terms associated with the hydration of CH, or CH,
groups and of the intermolecular constraints due to the close packing
of the chains.'>'® In the systems under study, the quasi-invariance of
the relative values of the 2H quadrupolar splittings with temperature,
not expected from these equations, suggests that the molecular confor-
mations are governed by intermolecular constraints.

The separation of the intra- and inter-molecular contributions to
AE;, being not within the scope of this paper, it seems preferable to
denote P, as a product of the probabilities of the trans- and gauche-
forms about the three central bonds of P— O — C - C—C - C, with
Pg+ = Pg-=1(1—- Pr), Pr being an adjustable parameter. The
methyl group is assumed to rotate among three equivalent sites
defined by the dihedral angles /C,C,C,’H = 180°, +60°. The
choice of another set of angles such as 270°, +30° has however a
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minor effect on the observed quadrupolar splittings of the methyl
deuterons.

Besides the angle a, the adjustable parameters of the calculation of
the quadrupolar splittings are then the probabilities of the trans-
rotamers about the O, — C,, C, — C, and,C, — C, bonds. The order
parameters are obtained from the linear system of equations 6 and 8,
introducing the experimental values of (A»,):y; and (Ao):p. At 300 K,
the best agreement between the observed and calculated values of the
quadrupolar and dipolar splittings, as well as of the chemical shift
anisotropy, is achieved for Pr = 0.91, 0.77, 0.38 about the successive
bonds, taking a = 38° (Table I). This set of parameters remains valid
in the whole temperature range investigated, as shown on Figure 10.
The values of the order parameters show that the Y and Z molecular
axes are preferentially oriented along the directions parallel and
perpendicular to the axis of the cylindrical rod, respectively.

TABLE 1

Experimental and calculated NMR parameters for the MBHP/H,0
hexagonal phase (T = 300 K, X, = 0.16).

0-C, C, -G C,—C,4
P 0.91 0.77 0.38
H, H, H; H,
obs. 15220 10520 7065 2965
|(Ar),4|Hz
calc. 15690 9946 7120 2591
obs.¢ 844 361 132 97
l(A”)Si; HIHz
calc. 840 303 152 107
C, G, C, C,
obs.4 342 137 49 unresolved
|(Av)si; C|Hz
calc. 397 118 54 32
obs. calc.
(Ag)p ppm 6.2 6.2
Sxx = 0.084 Syy = 0.257 Szz = —0.34]
confinment in a cylindrical sector:
0-C, C -G C, -G
PP 0.85 0.6 0.6
Pt 0.87 0.70 0.36
H, H, H, H,

|Ar,, | cale. 15730 9451 8078 1463

2from the best fit of quadrupolar splittings

bassumed values for a free chain

¢resulting from the confinement in a cylindrical sector

9dthe maximum scalar contribution is not expected to be larger than 3%.
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FIGURE 10 Observed (O) and calculated (@) deuteron splittings (left) and molecular
order parameters (right) in the MBPHNa/H,O hexagonal phase.

The effective rotamer populations Py are quite different from those
expected from the AE;; values about the O — C and C — C bonds
which are the order of 1000 and 600 cal.mole™' respectively. To
explain this difference, we assume that in the hexagonal phase, the
MBHP molecule is confined in a cylindrical sector of the rod, the
folding back of the chain towards the polar head being prevented by
a hard sphere of 2 A radius surrounding the *'P nucleus. For an initial
rotamer population Py = 0.85, 0.6, 0.6 about O - C,, C, —C, and
C, — C, assumed for the free molecule, we calculate the effective
populations and the quadrupolar splittings by adjusting the area S per
polar head assimilated to the square base of the wedge and the radius
R of the cylindrical rods. Taking S = 47 A% and R = 7.5 A, this crude
model yields effective rotamer populations and 2H splittings consis-
tent with those resulting from a direct fit of experimental data, except
for the methyl group which cannot rotate freely (Table I). Eliminating
the sterically-forbidden conformations results in an enhancement of
the trans-population about O — C, and C, — C, and a decrease of this
population about C, — C; with respect to the free molecule, as actu-
ally observed.

CONCLUSION

In the present study, we have shown that molecules that are chemi-
cally very simple can give rise to the complete phase diagram ex-
pected for a binary system, even at fairly high water content. Iso-
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tropic, lamellar, hexagonal and “gel” phases have indeed been de-
tected and clearly characterized by multinuclear NMR and small
angle X-ray diffraction. From the comparison of monobutyl and
monohexyl phosphates, it appears that the chain length is not of
considerable importance in the formation of mesophases, but that the
nature of the polar head and its hydration properties play a key role.
NMR data have been fully confirmed by X-ray diffraction and give
very significant information about the local order in the surfactant
molecules. Moreover, the orientation properties of the hexagonal
phase in the static magnetic field lead to considerable simplification
of the spectra and allow important NMR parameters to be measured.
Further analysis of molecular order, conformation and dynamics are
currently being carried out on these systems. Due to their chemical
simplicity, these mesomorphic systems provide very convenient mod-
els to investigate the properties of this state of matter and to check
theoretical models that are currently available and under develop-
ment.
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