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A 2H NMR study of order and dynamics in the cubic I1 phase of
the dodecyltrimethylammonium chloride/water system
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Division of Physical Chemistry, Royal Institute of Technology,
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(Received 6 December 1999; accepted 9 February 2000)

The micellar cubic phase I1 of the dodecyltrimethylammonium chloride (C12TACl )/water
system has been studied by 2H NMR spectroscopy. Relaxation rates of selectively deuteriated
surfactant were measured at several frequencies down to 0.5 MHz in the temperature range
25–61 ß C. The results are interpreted within models for the reorientational dynamics in
I1 phases and it is concluded that the remaining order after surface diŒusion and aggregate
rotation is small and does not vary substantially with temperature. The results are discussed
in relation to the two prevailing models for the structure of these phases as suggested
(separately) by Fontell and Vargas. At 0 ß C the 2H NMR spectrum from perdeuteriated
n-dodecane solubilized in this phase shows static quadrupole splittings with a magnitude that
is in good agreement with the results obtained from the analysis of the relaxation data.

1. Introduction
In most amphiphile/water systems the micelles are

predominantly spherical or nearly spherical (globular)
only at low concentrations. As the concentration rises,
rod-like aggregates start to predominate and when the
concentration is high enough for the gain in the free
energy of aggregate interaction to overcome the entropy
loss associated with the ordering, hexagonal phases are
formed. In a few systems, however, the conditions for
the formation of rod-like aggregates are not met before
this solubility limit is reached. In these the hexagonal
phase is preceded by a liquid crystalline phase with
cubic symmetry, usually denoted I1 [1–3]. The C12TACl
system [4] (� gure 1) is one of the very few two-
component ionic surfactant/water systems [4–6] where
an I1 phase is formed. These are otherwise more common
in phospholipid [7, 8] or non-ionic surfactant systems
[9–13] and in three-component surfactant/water/hydro-
carbon systems [14, 15]. Most I1 phases discovered up
to 1990 are listed in [1].

I1 phases have very high viscosities and interest-
ing acoustic properties; they were early recognized as
separate from the micellar solution phase [4]. Due to
the cubic symmetry they are optically isotropic and it
was not until X-ray methods were applied that their
highly ordered structure was discovered [16, 17]. It was Figure 1. Phase diagram for the C12TACl/water system. After
also these studies that � rst assigned I1 phases to the Balmbra et al. [16].
space group Pm3n ( less likely P43n). It was later shown
by NMR self-diŒusion measurements [18] that the non- polar pseudo-phase in the I1 phase in the C12TACl/water

system is discontinuous, i.e. the structure is formed by
closed aggregates, as opposed to the V

1
phases occurring*Author for correspondence; e-mail: ulf@physchem.kth.se
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944 M. Törnblom et al.

at concentration s between the hexagonal and the lamellar discovered support the main features of these structural
models. Aggregation number measurements by � uorescencephase where both pseudo-phases are continuous. In the

binary non-ionic system C
12

EO
12

/water three diŒerent quenching [21–23] have shown that the aggregates are
not spherical in the systems under consideration andI1 phases have recently been found and assigned to the

space groups Pm3n, Im3m and Fm3m by X-ray diŒraction this has been con� rmed by � eld-dependent relaxation
measurements [24, 25]. 14N, 2H and 31P NMR spectra[13].

The majority of I1 phases studied have been assigned from I1 phases in two systems of large amphphiles
[22, 26], where the � nal averaging of interactions wasto the space group Pm3n [1] and two models have

emerged for the structure of this phase. These are similar incomplete, show a superposition of one anisotropic and
one isotropic signal and support the notion that therein their basic overall structure, with eight aggregates in

the unit cell, six of which are restricted in their rotation are two types of aggregates with diŒerent rotational
order, at least in the I1 phases of these systems.and arranged two and two perpendicular to or along

what we will later refer to as the ‘cubic’ directors on the It has earlier only been through NMR spectra with
quadrupole splittings or chemical shift anisotropies thatfaces of the unit cube, in a fashion shown by � gure 2.

(Each of the aggregates depicted in the � gure contributes it has been possible to quantify the remaining order at
the aggregate sites, i.e. the composite aggregate-rotatio n1/2 to the unit cell.) There are also spherical or iso-

tropically reorienting aggregates centred in the corners order parameter, SDM [27] (see below). The symmetry
of I1 phases allows for full motional averaging of anyand in the centre of the unit cube, together contributing

a further two aggregates to the unit cell. The diŒerence angular dependent interaction; for simple surfactants all
the motional processes carrying out this averaging arebetween the two models lies in the shape and the

rotational order of the aggregates. The basic structure fast enough to yield isotropic NMR signals without any
structure information. In these cases, structure infor-was � rst proposed by Fontell et al. [19] and is based

on the crystal structure of some diatomic molecules. In mation can still be extracted through the contributions
from diŒerent motional processes to the relaxationthis model all aggregates are prolate in form and the

restricted aggregates are arranged with their symmetry rates R1 and R2 at diŒerent magnetic � eld strengths or,
explicitly, Larmor frequencies v. For these experimentsaxes at right angles to the cubic directors and free to

rotate in planes perpendicular to these, see � gure 2. 2H is the best suited nucleus since the Larmor frequencies
fall in the same frequency range as the most interestingVargas et al. [20] later suggested that the two disordered

aggregates are spherical and the six restricted ones are part of the relaxation dispersion and the relaxation rates
follow simple equations. 2H can also readily be selectivelyoblate with their symmetry axes coinciding with the

cubic directors. introduced into the hydrocarbon tail of the surfactant,
in the a-position to the head group. For a quadrupoleMuch of the experimental evidence that has been

collected since the ordered structure of I1 phases was nucleus the entire accessible information content,

Figure 2. The arrangement and shape of the restrictedly rotating aggregates in the models for the I1 phase according to:
(a) Fontell et al. [19] and (b) Vargas et al. [20]. The dash-dotted lines through the centres of the aggregates signify cubic
directors discussed in the text. The spherical or isotropically reorienting aggregates in the centre and corners of the unit cube
have been left out for visibility.
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including the behaviour at zero � eld, is contained in the where D200 (V
ij

) is a second rank Wigner matrix element
dispersion of the longitudinal relaxation rate R1 , com- [34]. This order parameter corresponds to the fraction
bined with the transverse relaxation rate R2 at a single of the initial interaction not averaged out by the motion.
� eld. The � rst motional step is the local motions of the

In this work we present a 2H NMR study of the surfactant molecule relative to the surface normal zM , at
I1 phase of the C12TACl/water system at 50 wt% the site of its head group on the aggregate surface. This
surfactant which has been assigned to the space group is actually a complex process, involving a number of
Pm3n [16, 17, 19, 20]. In this I1 phase the signal from the mechanisms, but as it occurs on a time scale at least
a-deuteriated surfactant does not deviate signi� cantly two orders of magnitude faster than the motional pro-
from Lorentzian shape even at 0 ß C. Perdeuteriated cesses responsible for the observed dispersion of the
n-dodecane was therefore solubilized in the I1 phase to relaxation rates in the accessible � eld range [24, 25] we
function as an ‘order probe’. At 0 ß C the dodecane yielded do not propose a physical model, but let it be represented
an NMR spectrum from which the quadrupole splittings by the two basic parameters of the two-step model [31]:
could be estimated. At four higher temperatures the � eld- the ‘local’ order parameter S

MP
, which is a measure of

dependence of the relaxation rates for the a-deuteriated the con� nement of the molecule, and the eŒective ‘fast’
surfactant was measured and apart from the order, correlation time tMP.
the dynamics of the diŒerent motional processes of the In the second step the averaging of the orientation of
surfactant molecules could also be studied. This particular the surface normal relative to the aggregate symmetry
system has been studied previously with � eld-dependent axis zA is caused by the lateral diŒusion of the molecules
relaxation [24] and the measurements were evaluated over the aggregate surface. Halle [32] has treated this as
within the empirical three-step model, but now we have free surface diŒusion with a constant diŒusion coe� cient
at our disposal two important new tools. The � rst is and presented numerical methods, as well as simple
spectrometer equipment making NMR measurements analytic approximations for the calculation of the corres-
possible in the previously inaccessible frequency range ponding time correlation functions. The corresponding
between 0.5 and 2.0 MHz [28]. The other is a frame- order parameter SAM is given by equation (1) with the
work for the derivation of theoretical relaxation rates in average taken over the aggregate surface and it varies sub-
systems of cubic symmetry [29, 30] enabling the inter- stantially with shape for aggregates of equal aggregation
pretation of experimental results in physical quantities number.
such as order parameters and rates of dynamic processes. In micellar solutions of low to moderate concentration s,
We have also performed the measurements over a wider the � nal randomization of orientations proceeds by the
temperature range than in the earlier study to take full free Brownian rotational diŒusion of the aggregates
advantage of the possibilities oŒered by these extensions. [32, 35, 36]. In I

1
phases this is not the case for all the

aggregates. One of the basic features common to both
2. Dynamic models and relaxation theory

structural models discussed here is that the aggregates
In order to � nd a model connecting structure to

situated on the unit cube faces are restricted from
relaxation rates, we follow the averaging of the quadru-

rotating through all angles of space with equal probability
polar interaction due to � uctuations in the orientation

through interaction with their neighbours. There is hence
of the molecule-� xed principal axis of the electric � eld

non-vanishing rotational order in both models, but due
gradient tensor at the 2H nucleus, z

P
, relative to the

to the diŒerences in the arrangement of the aggregates
laboratory-� xed frame which is de� ned by the direction

the rotational order parameters diŒer in sign as well as
of the applied magnetic � eld, zL . As no experimental

in magnitude for the two models. In the Vargas structural
evidence suggests the contrary, we assume that the pro-

model in its most extreme form, the aggregate symmetry
cesses of molecular and aggregate dynamics are essentially

axes z
A

are perfectly aligned along the cubic directors
the same as for micelles in isotropic solutions [31–33].

zD (see � gure 2), and the aggregates are only allowed to
The averaging is treated as a stepwise process in a

perform spinning motion around these. This is called
hierarchy of frames, each de� ned by a director, z

j
[32].

full rotational order and SDA 5 1. In Fontell’s model,
With the frames chosen properly, a single motional

again in the limit of highest possible order, the zAs are
mechanism mediates the � uctuations of the orientation

con� ned to planes perpendicular to the zD , but free toof z
j
relative to the nearest higher frame in the hierarchy,

rotate in these planes giving S
DA 5 Õ 1/2. We will in thez

i
. In each of these steps there is partial averaging of

further treatment assume that this rotation has a timethe interactions characterized by a second rank order
evolution that is faster than that of molecular or aggregateparameter
exchange processes, despite the fact that geometric calcu-
lations show that it has to be concerted and therebyS

ij
5 7 D200

(V
ij

) 8 5
1
2

7 3 cos2 h
ij

Õ 1 8 (1 )
strongly collective. In a real phase structure it may well
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946 M. Törnblom et al.

be that the con� nement of the aggregate directors is not average of GL
k

[29]
as strict as in the corresponding idealized models and
the magnitude of S

DA
is lower. For the molecules in the GLiso (t) 5

1
4p P 2p

0
dQC P p

0
dhLC sin hLCGL

k
(t; hLC , QC ).

restricted rotation aggregates , the quadrupolar interaction
is thus not averaged out completely by the rotational (4)
motion. The remaining interaction strength corresponds,

This function is independent of the index k, as for trulyfor a spin 5 1 nucleus, to a splitting
isotropic systems. In consequence there is only one
laboratory frame spectral densityDn 5

3
4

x|SDMSMP | (2 )

JLiso(v) 5 P2

0
dt cos vt GLiso(t) (5)in the Pake doublet from a powder sample. In this

equation we have also de� ned the composite rotation-
aggregate order parameter SDM 5 SDASAM . The orientation and the equations for the quadrupolar relaxation rates
of the two remaining aggregates in the unit cell is, in in an isotropic system at Larmor frequency v apply
both structural models, completely randomized already [37]
by the rotation.

For the NMR signals from I
1

phases to be isotropic R1 (v) 5 T Õ 11 (v) 5
3p2
4

x2[2JLiso(v) 1 8JLiso (2v)] (6)
there must be at least one additional motional process,
the so called the ‘cubic motion’, that completely averages R

2
(v) 5 T Õ 12

(v)
out the last remnant of the interaction. This is probably an
exchange process that distributes molecules or aggregate s

5
3p2
4

x2[3JLiso
(0) 1 5JLiso

(v) 1 2JLiso
(2v)]. (7)

between diŒerent sites in the unit cell with diŒerent
z
D

. NMR self-diŒusion data from three component
In GLiso

(t) and JLiso
(v), the contribution from the ‘fast’systems [23] tell us that molecular exchange between

molecular motions can be separated from the ‘slower’aggregates is faster than the exchange of aggregates
contributions in the framework of the two-step modelbetween diŒerent sites and at least should contribute the
[31] as in isotropic systems [30], and can be representedmain part of the rate of this averaging.
by the two parameters of this model (see above) . TheThe relaxation behaviour of the 2H nucleus is deter-
slow step consists, in our case, of the composite TCFmined by the second rank spherical time correlation
for the averaging of the orientation of the molecularfunctions (TCFs) in the laboratory-� xed frame through
director (or surface normal) zM relative to the crystaltheir Fourier–Laplace cosine transforms, the spectral
axis zC , averaged over the powder and expressed in thedensities. These TCFs describe the average time evolution
laboratory frame; GL,CMiso (t). The form of this functionof the � uctuations of the the laboratory frame com-
expressed in the crystal frame spherical TCFs has beenponents, FL

k
, of the normalized second rank spherical

derived by Halle [29]:electric � eld gradient tensor due to the stochastic
reorientation of the spin-bearing molecules. The spherical

GL,CMiso (t) 5
1
5 �

2

l=0
(2 Õ d

l0
)GCM

l0
(t). (8)TCFs for the entire averaging process in the laboratory

frame are by de� nition:
In his paper, Halle also explicitly derived GL,CMiso (t) for

GL
k
(t; hLC , QC) 5 7 FL*

k
[VLP (0)]FL

k
[VLP (t)] 8 . (3 )

Fontell’s I1 structure within the motional model discussed
earlier. In this derivation the assumption of time scaleIn a system of cubic symmetry, as in other ordered

systems, the GL
k
(t; hLC , QC ) for the diŒerent components, separation between the rotational and the cubic motion

has been invoked for simplicity. (The formal derivationk 5 0, 1, 2, are diŒerent and they also depend on the
orientation of the unit cell or crystal frame, with z-axis of the exact expression requires the application of the

methods outlined in Appendix C of [30] or the calcu-zC , relative to zL which is given by the angles hLC and QC
In theory this means that the diŒerent spectral densities lation of a very large number of spherical TCFs.) In the

treatment of the cubic motion, however, cubic directorscan be extracted in a model-free way by measuring the
orientation dependence of the relaxation rates, if an were de� ned for the two isotropically rotating aggregates

and these were allowed to contribute to the cubic orderoriented sample can be prepared [29]. Samples of cubic
phases prepared by simple mixing, like the one used in parameter. However, such directors cannot be de� ned

since these aggregates are already spherically disorderedthis study, are however polycrystalline. If the diŒusion
of molecules over crystallites with diŒerent orientations by the rotational motion. The cubic order parameter for

the entire unit cell is consequently not a well de� nedis fast enough compared with the diŒerence in relaxation
rates, the measurable correlation function is the spherical quantity. The procedure therefore results in an error in
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the numerical factor for the cubic contribution to the the slow term is multiplied by S2MP and the fast con-
tribution added. The � rst term in this expression is atotal TCF, equation 7.19 in Halle’s paper. A correct

derivation accounts for the variation in S
DA

and S
AM

as Lorentzian with correlation time tCD scaled by the factor
well as the orientation of the cubic director over the

PRS2DAS2AMS2MP 5 PRS2DMS2MP . (12)
eight sites in the unit cell. If the mechanism for the cubic
motion is an exchange process, this gives for a general A comparison with equation (2) shows that if this factor
case of a cubic phase with the same basic structure as can be extracted from the relaxation rates, approximately
the Fontell and Vargas models: the same information as is given by the splitting can be

obtained.
For the two structural models discussed here,GL,CDiso 5

1
5

7 S2DAS2AM 8 exp (Õ t/tCD ) (9 )
equation (11) simpli� es somewhat. For the idealized
Fontell model, i.e. with SDA 5 Õ 1/2, the SAM equal forThis expression has the character of an average over
all aggregates, PR 5 6/8 and the correlation functions forone contribution from the six restricted micelles, derived
strict in-plane rotation inserted into equation (11), weas in [29], and one from the two isotropically disordered
obtainmicelles which is zero. A formally correct derivation

must, however, account for the contribution of the GL,CMiso (t)
disordered aggregates to the rate of the cubic motion. If
the mechanism is molecular exchange and if re-entry

5
1
5GS2AMC6

8A1
4

exp(Õ t/tCD ) 1
3
4

exp (Õ t/tDA20
)Binto the original aggregate is allowed, the cubic motion

correlation time tCD can be identi� ed with

1
2

8
exp (Õ t/tLA00 )D 1

6

8 �
2

m=0
�
2

n=0
(2 Õ d

m0
) (2 Õ d

n0
)tCD 5 tex (10)

the mean residence time of the surfactant molecule in
Ö [d2

mn
(p/2)]2 exp (Õ t/tDA

mn
)gAM

n
(t)

an aggregate [38].
With equation (9) and with the expression for the

1
2
8 �

2

n=0

(2 Õ d
n0

) exp (Õ t/tLA
n

)gAM
n

(t)H (13)director frame rotation–diŒusion TCFs (equation 7.10
in [29]) averaged over the eight aggregates, the general

with the correlation times for in-plane rotationexpression for GL,CMiso (t) in any structure with the actual
basic arrangement, but with aggregates of arbitrary
rotational order and shape, is

1
tDA
mn

5 m2R) 1 n2R
d

(14)

GL,CMiso (t)
and those for the isotropically reorienting aggregates
[36]

5
1

5GPRCS2DAS2AM(R) exp (Õ t/tCD ) 1 S2DAgAM(R)0 (t)
1

tLA
n

5 (6 Õ n2 )R) 1 n2R
d

(15)
1 S2AM(R) �

2

m=0
(2 Õ d

m0
)gDA

m0
(t)

where R
d

and R) are the rotational diŒusion coe� cients
parallel and perpendicular to the aggregate symmetry

1 �
2

m=0
�
2

n=0

(2 Õ d
m0

)(2 Õ d
n0

)gDA
mn

(t)gAM(R)
n

(t)D axis. In the implementation of these equations, we have
assumed that the spinning mode of the rotation is
undisturbed by the tightly packed structure and that1 P

ICS2AM(I)
gLA0

(t) 1 �
2

n=0

(2 Õ d
n0

)gLA
n

(t)gAM(I)
n

(t)DH R
d

is therefore determined by hydrodynamic forces
[35, 39, 40] as in dilute solution. As for the tumbling,

(11)
geometric calculations show that if all aggregates are
non-spherical it cannot take place independently, butwith R denoting the restrictedly and I the isotropically

reorienting micelles. gDA
mn

(t), gLA
n

(t) and gAM(I)
n

(t) are the has to be concerted even for the isotropically reorienting
aggregates. It is thus not Brownian, but a collectivecorrelation functions of restricted rotation, isotropic

rotation and surface diŒusion, respectively and P
I
is the process and we have refrained from proposing a physical

model for R) ; instead we have treated it as a freefraction of molecules in the I-type of aggregates.
Upon transformation, equation (11) gives the con- parameter varied in the � ttings of the theoretical models

to experimental data.tribution of the ‘slow’ aggregate related motions to the
spectral density function, equation (5). To obtain the With the assumption that the rate of the tumbling

is small compared with that of the spinning, which istotal spectral density according to the two-step model,
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948 M. Törnblom et al.

implemented by Halle [29], these equations reduce to For the Vargas structural model with SDA 5 1 and
SAM(I) 5 0, the TCF has the simple form

GL,CMiso
(t) 5

1
5GS2AMC6

8A1
4

exp (Õ t/tCD )
GL,CMiso (t) 5

1

5GPRCS2AM exp (Õ t/tCD )

1
3
4

exp (Õ 4R) t)B 1
2
8

exp (Õ 6R) t)D
1 �

2

n=0
(2 Õ d

n0
) exp (Õ t/tDA

nn
)gAM(R)

n
(t)D

1 �
2

n=0
(2 Õ d

n0
) exp (Õ n2R

d
t)gAM

n
(t)H (16)

1 PI exp (Õ t/tLA(I) ) exp (Õ t/tAM(I) )H (21)

which is the correct form of equation 7.24 in Halle’s
with index I denoting the spherical aggregates. Thepaper. In the zero time limit this expression goes to
rotational correlation times for the spinning motion are
[32]GL,CMiso (0 ) 5

1
5

(17)

1
tDA
nn

5 n2R
d
. (22)as do the TCFs in equations (11) and (13), which is

required for an isotropically averaged correlation function.
An exponential approximation for the diŒusion correlationThis follows from equation (8) in combination with the
functions can be applied to oblate aggregates as well asorthogonality of the Wigner functions [34].
prolate. If this is done, the spectral density obtained byIn our earlier work on micelles [33], we utilized the
the transformation of equation (21) will be a sum ofsingle exponential initial slope approximation [32] for
Lorentzians in parallel to equation (18).the correlation functions for the diŒusion over the

spherocylindrical aggregate surfaces, gAM
n

(t) and it may
3. Experimentalbe used here as well, especially since the axial ratios of

Dodecyltrimethylammonium chloride (C12TACl),the aggregates are small. (Explicit expressions for the
selectively deuteriated in the a-position to the headdiŒusion correlation times, tAM

n
, of spherocylinders in

group, was synthesized as described in an earlier paperterms of the lateral diŒusion coe� cient, Dlat , and varying
[24]. A sample was prepared with puri� ed water at aaggregate dimensions have been given in the appendix
surfactant concentration of 50 wt%. Non-deuteriatedof [33].) With this approximation and with the two-
surfactant (Fluka) and perdeuteriated n-dodecanestep model [31] applied to the fastest motions, the total
(Larodan) were used as received. A 50% sample of thislaboratory frame isotropic spectral density for the idealized
surfactant was prepared and n-dodecane-d

26
addedFontell structure, obtained by the transformation of

corresponding to a molar ratio of 1 : 78. Another sampleequation (13), is a sum of Lorentzian terms
with the same additive : surfactant ratio, but with a con-
centration in the hexagonal regime (65 wt % surfactant )JLiso (v) 5

1
5GS2MPCS2AM A 3

16
tCD

1 1 (vtCD )2 was also prepared.
2H NMR measurements were performed with a Bruker

MSL 200/90 equipped with a variable-� eld iron core1
9
16

tDA20
1 1 (vtDA20

)2
1

1
4

tLA0
1 1 (vtLA0

)2B magnet rebuilt to work down to 0.5 MHz [28] (at
0.5–13.8 MHz), the MSL or a DMX 200 equipped with

1
3

4 �
2

m=0
�
2

n=0

(2 Õ d
m0

)(2 Õ d
n0

)[d2
mn

(p/2)]2 a 4.7 T cryomagnet (at 30.7 MHz), a Bruker AMX 300
(at 46.1 MHz), a Bruker AM 400 (at 61.4 MHz) and a
Bruker DMX 500 (at 76.8 MHz). The surfactant macro-

Ö gAM
n

(0)
tDM
mn

1 1 (vtDM
mn

)2
1

1
4 �

2

n=0

(2 Õ d
n0

)gAM
n

(0) scopic self-diŒusion coe� cients were measured in the
same sample with a stimulated echo PGSE-sequence on
the AMX 300 equipped with a gradient aggregate manu-

Ö
tLM
n

1 1 (vtLM
n

)2D 1 (1 Õ S2MP
)tMPH (18)

factured by Digital Specialities and a 10 mm 300 MHz

1H gradient probe from Cryomagnet Systems.
with the composite correlation times given by Relaxation rates and self-diŒusion coe� cients were

measured at 25.1, 41.0, 55.2 and 60.6 ß C. The temper-1

tDM
mn

5
1

tDA
mn

1
1

tAM
n

(19) ature was monitored by a Bruker VT 100 unit (at
0.5–30.7 MHz and 41, 55 and 61 ß C) or by B-VT 2000
or B-VT 3000 units. It was always controlled before1

tLM
n

5
1

tLA
n

1
1

tAM
n

. (20)
and, sometimes, between measurements with an external
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thermometer with a PT 100 sensor mounted in an NMR
tube. We estimate the total standard variations in tem-
perature between measuring points to be Ô 0.4 ß C at
25 ß C, Ô 0.5 ß C at 41 and 55 ß C and Ô 0.6 ß C at 61 ß C.

At each temperature 2H R1s were measured at 14–17
frequencies between 0.5 and 76.8 MHz with the standard
inversion recovery method, while R2 was determined at
30.7 MHz with the CPMG method. The 2.0 MHz R

1
and the R

2
measurements were repeated several times

to estimate the uncertainties in the measurements. With
a sample of this concentration, the S/N ratios in the
spectra are very good even at low frequencies and the
standard deviations in the T1 and T2 determinations are
Ô 1% or lower at 2.0 MHz and upwards. At the lowest
frequencies, however, the signal is weak despite the high
concentration, giving uncertainties in T1 of around Ô 3%
at 1.0 MHz and Ô 4–9%, depending on experiment Figure 3. The 2H NMR spectrum at 46.1 MHz and 0 ß C of
time, at 0.5 MHz. To these uncertainties should be added perdeuteriated n-dodecane solubilized in the I1 phase

of the C12ACl/water system. (a) As recorded; (b) withcontributions from the temperature variation discussed
resolution enhancement through sine-bell multiplication.above which we have estimated with Arrhenius inter-

polation to be Ô 1–2% in T
1

at low frequencies, Ô 0.5–1%
at the higher frequencies, and Ô 2–3% in the R2 point. determined to be 149 Ô 5 Hz. This splitting corresponds

to the one given by equation (2). The correspondingThese estimated errors correspond well with the RMS-
deviations of the � ttings as can be seen in the � gures of splitting in the spectrum of C12D26 , solubilized in the

hexagonal phase at the same temperature , is 1174 Ô 20 Hz.the next section.
With the assumption that the local order parameter
SMP is independent of aggregate shape, we get |SDM | 54. Results

In the actual system, the signal from the a-deuteriated 0.063 Ô 0.004 in the I1 phase at 0 ß C. It should also be
pointed out that the occurrence of anisotropic lines insurfactant was isotropic down to the lower temperature

limit of the one-phase region. A sample with non- the spectrum of an additive while the signal from the
surfactant is fully averaged, is evidence that moleculardeuteriated surfactant was therefore prepared with per-

deuteriated n-dodecane (C
12

D
26

) added as a probe to an exchange is the dominating mechanism for the � nal
averaging of the quadrupole interaction (the cubicamount corresponding to approximately one molecule

per aggregate. This was done in the hope that a large motion) for the surfactant.
To obtain order information at higher temperatures,hydrophobic additive would have a long enough residence

time [23] to yield non-averaged spectra. This sample the relaxation dispersion over a large frequency range
had to be measured and analysed. For these measure-was, on visual inspection, as stiŒas the one containing

the surfactant only and optically isotropic at all measure- ments it is advantageous to use the deuteriated surfactant
because of the relatively high local order parameter. Thement temperatures; it seems that the addition of the

alkane did not cause a phase transition. At 25 ß C and results of these measurements are shown in � gures 4
and 5. The dispersions of these relaxation rates all haveabove, the spectrum from the dodecane was isotropic

but at 0 ß C the line was bottle-shaped, as can be seen in a three-step character, even if the slowest step at the two
lowest temperatures lies outside the available frequency� gure 3 (a). The line shape bears a reasonable resemblance

to the 2H and 14N lines in [26], though it is much range and is only visible in the level of the R2 points.
We showed in the theory section that the � rst term innarrower. The spectrum consists of a superposition of

Pake doublets from the six non-equivalen t segments of the the spectral density function is a Lorentzian with the
correlation time tCD scaled by the factor PRS2DMS2MP .dodecane residing in the restrictedly rotating aggregates,

the unsplit signal from dodecane in the isotropically The three-step character of the data sets means that the
rotation and diŒusion terms of the spectral densityreorienting aggregates and also the signals from naturally

occurring deutrons in the surfactant chains. (The small (corresponding to all terms of equation (9) except the
� rst one) are not distinguishable, i.e. their sum makessignals on the high frequency side originate in naturally

occurring deutrons in the surfactant and in water.) With up one eŒective step in the observed spectral density.
If this step has an approximately Lorentzian shape,resolution enhancement by sine-bell multiplication, as

in � gure 3 (b), the largest quadrupole splitting can be a model-independent evaluation of the experimental
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950 M. Törnblom et al.

Figure 5. 2H R1 (� lled symbols) and R2 (open symbols) forFigure 4. 2H R1 (� lled symbols) and R2 (open symbols) for
a-deuteriated C12ACl in the I1 phase. (a) At 55 ß C; (b) ata-deuteriated C12ACl in the I1 phase. (a) At 25 ß C; (b) at
61 ß C. The solid and dashed lines represent � ttings of41 ß C. The solid and dashed lines represent � ttings of
theoretical relaxation rates for Fontell’s model [19] withtheoretical relaxation rates for Fontell’s model [19] with
spherocylindrical aggregates as described in the text. Thespherocylindrical aggregates as described in the text. The
� tting results are given in table 3.� tting results are given in table 3.

relaxation rates can be made by � ttings of equations (6) constant x was set to 170 kHz as suggested by Jansson
and (7) with the spectral density, JLiso, given by the et al. [43] The choice is based on the ratios of the 2H
Lorentzian three-step model [41]: to the 13C relaxation rates for the C12TA+ monomer

which were measured during the course of this work.
JL (v) 5

1
5GS2MPCs2

tvs
1 1 (vtvs)2

1 (1 Õ s2 )
ts

1 1 (vts )2D This ratio varied between 9 and 11.5 at the diŒerent
temperatures and this is closer to the values found
for C10A+ in the above-cited work than to the ratios

1 (1 Õ S2MP )tMPH . (23) measured by Söderman for hexanoate ions [44].
The � tted s and tvs are given in table 1. The two

parameters can be evaluated separately when at leastFollowing the reasoning above we may now identify tvs
with tCD and s with Ó PR |SDM |. part of the dispersion of the ‘very slow’ step extends into

the frequency range studied which, as noted, is not theFittings of equations (6), (7) and (23) were performed
with a program based on the TWOSTEP [42] program case at the two lowest temperatures. For these only

the product s2tvs can be obtained. (It is, in principle,but with an improved routine for the Monte Carlo error
analysis. This program minimizes the relative RMS- this product that was determined in the earlier � eld-

dependent relaxation investigation of the C12TACl/waterdeviation of the theoretical relaxation rates from the
experimental. In these � ttings, the quadrupole coupling I

1
phase [24] though it was given in other units.) To
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Table 2. Self-diŒusion coe� cients for the surfactant in theTable 1. Parameters obtained by � tting the Lorentzian
three-step model, equation (23), to the relaxation data. I1 phase.

T / ß C s tvs/ms s2tvs/ms RMS dev./% T / ß C D/mm2 s Õ 1 naa ab/AÃ texc/ms

25.1 0.0164+0.0006
Õ 0.0008 1.4 25.1 0.580 Ô 0.004 89 85.4d 6.39 Ô 0.05

41.0 1.69 Ô 0.01 82 83.1e 2.08 Ô 0.02
41.0 0.0063+0.0006

Õ 0.0005 1.5
55.2 5.00 Ô 0.04 77 81.4e 0.673 Ô 0.005
60.6 9.53 Ô 0.19 75 80.7e 0.347 Ô 0.00755.2 0.060+0.006

Õ 0.008 0.69+0.20
Õ 0.13 2.0

60.6 0.066+0.010
Õ 0.010 0.34+0.10

Õ 0.08 2.3 a Aggregation numbers from the results of Fletcher [21] by
interpolation.

b Unit cell parameter.
c Calculated from equations (24) and (25).obtain |SDM | the s-values of table 1 should be divided
d From Fletcher [21].by ~0.90 to account for the factor Ó P

R
. This gives

e The 25 ß C result scaled by 3Ó na .SDM
~ 0.065–0.075 which, within the uncertainties , is equal

to the 0 ß C value obtained from the observed splittings
To interpret the results obtained above we can com-for solubilized C12D26; it seems this order parameter

pare them to theoretical SDM values for diŒerent models.does not vary much in the temperature interval studied.
If all aggregates had been spherical, SDM would haveThese results can be be veri� ed since an independent
been zero and there would not have been a third step insource of information on tCD is available through
the relaxation dispersion. We can therefore conclude thatthe measured self-diŒusion coe� cient of the surfactant
this is not the case at any of the temperatures studied.molecules. If we assume that the cubic motion is an
This result is in full accordance with the aggregationexchange process and if the self-diŒusion of the surfactant
numbers found by Fletcher [21], see table 2 (theis a random walk between neighbouring aggregates, the
aggregation number of the largest possible sphericalaverage residence time in each of these can be calculated
micelle is 56). Theoretical composite order parametersfrom the self-diŒusion coe� cient and the average square
S

DM 5 S
DA

S
AM

for four diŒerent structures with non-jump length 7 l2 8 [23]:
spherical aggregates are presented in � gure 6; Fontell’s
model (SDA 5 Õ 1/2) with the aggregates shaped astex 5

7 l2 8
6D

. (24)
cylinders with spherical end caps [33] (spherocylinders)
or as prolate ellipsoids [32], and the Vargas modelIn practice this procedure gives an upper limit for the
(S

DA 5 1) with � at discs with semi-toroidal rims [45] orresidence time, since we can expect the measured self-
with oblate ellipsoids [32]. The diŒusion or aggregatediŒusion coe� cient to be aŒected by lattice defects and

grain boundaries. With the assumption made in the
derivation of equation (10), i.e. that jumps can take
place between any neighbouring aggregates, the relation
between the squared average jump length and the cell
parameter a is

7 l2 8 5 0.305a2 (25)

which is the actual mean square displacement, not the
projection on any of the crystal axes.

The self diŒusion coe� cients at the four temperatures
measured by PGSE are given in table 2, as are the
calculated maximum residence times and the other input
parameters required to calculate these. It is interesting
to note that the results at 55 and 61 ß C are within the
uncertainties equal to the tvs evaluated from the relaxation
dispersion. This fact supports the dynamic model we
have applied. If we assume that this is also the case at

Figure 6. Theoretical composite aggregate-rotation orderthe two lower temperatures, |SDM |~ 0.055–0.075 is obtained
parameters SDM for Fontell’s structural model [19]from the products given in table 1 and this result does
(SDA 5 Õ 1/2) with aggregates shaped as spherocylinders

not deviate substantially from what was obtained by ( ) or prolate ellipsoids ( ), and for the Vargas model
� tting of the three-step model to the relaxation data at [20] (SDA 5 1) with semi-toroidal discs ( ) or oblate

ellipsoids ( ).the two higher temperatures.
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order parameter SAM is a function of the axial ratio, present in table 3 results from � ttings of the theoretical
relaxation rates for Fontell’s structure model withr, of the aggregate which was determined from the

aggregation numbers, setting the volume of a hydro- spherocylindrical aggregates, equations (6) and (7) with
equation (18), to experimental relaxation data. Thiscarbon chain to 350.2 AÃ 3 and the hydrocarbon core

radius of the aggregates to the length of the chain in physical model requires the input of the temperature,
the viscosity of water and the length of the surfactantthe all-trans-conformation, 16.7 AÃ [46]. SAM is always

negative for prolate shapes and always positive for head group which was set to 3.7 AÃ [21]. The model
contains six basic parameters: two for the fast motion,oblate shapes.

Figure 6 shows that there are large diŒerences in S
DM

S
MP

and tMP, two for the dimensions of the aggregates
(we have chosen the small semi-axis of the aggregate Rbetween the diŒerent cases at higher aggregation numbers

( low temperature) . The diŒerences between the two and the volume of the hydrocarbon core Vhc), the
coe� cient of the lateral diŒusion of the surfactants overmodels is not surprising. It is perhaps more surprising

that diŒerences in aggregate shape within the same the aggregate surfaces Dlat, and the correlation time
of the cubic motion tCD. In addition the coe� cient ofstructural model has as big an in� uence. This re� ects

both the larger axial ratios of spheroidal, as compared rotational diŒusion perpendicular to the aggregate sym-
metry axis R) was initially treated as a free parameter.with spherocylindrical or semitoroidal aggregates of

equal volumes, and their larger aggregate order para- The R) values so obtained varied between 50 and 100%
of the hydrodynamic value as given by Yoshizaki andmeters at equal axial ratios. We must, however, keep in

mind that the rotational order parameter SDA in a real Yamakawa [39] which always was contained within the
uncertainties. This variation may seem large, but as cansystem may well have a lower magnitude than in the

idealized models. As a consequence of all this, it is not be seen in � gure 7, the theoretical relaxation rates are
not very sensitive to the R) value in this range. Therefore,possible to diŒerentiate between the two structural

models on the basis of the magnitude of the composite R) was � xed to the hydrodynamic value and this had
no great in� uence on the values of the other parametersorder parameter SDM unless this is very large. The

experimental |SDM | values are rather small especially at determined in the � ttings. This also implies that a 50%
deviation in R) from its hydrodynamic value cannot belower temperatures where the aggregation numbers

according to Fletcher [21] are around 90. In our minds detected experimentally. Our results show, however, that
the deviation cannot be substantially larger than this.this speaks in favour of Fontell’s model [19]. The Vargas

model [20] can, however, not be completely ruled out The reason for this is demonstrated in � gure 7 where
it is shown that theoretical relaxation rates generatedsince the actual value of SAM is not known. One can

easily imagine a structure with oblate aggregates per- with R) set to 0.2 or 0.1 times the hydrodynamic value
have characteristic features at intermediate frequenciesforming a rotation round the cubic directors that is

restricted to an extent that gives SDA
~ 0.6–0.7. In a (1–10 MHz) which originate in the tumbling motions,

i.e. the third and � fth terms in equation (11), and which‘hard cone’ potential of mean torque model [47] this
corresponds to a half-cone opening angle of 40 ß –45 ß . are absent in the experimental data (compare with � gures

4 and 5).In equation (23) the intermediate correlation time ts
in a crude way gives the time scale for the surfactant In the � ttings, we also chose to keep V

hc
� xed to values

calculated from the aggregation numbers obtained byreorientation due to lateral diŒusion over the aggregate
surface and the aggregate rotational diŒusion. It is Fletcher [21]. The results obtained for the other � ve

parameters are presented in table 3 where we also givedi� cult, though, to use the ts values to draw quantitative
conclusions about the aggregates. To achieve this we calculated axial ratios r and SDM values. It is the

Table 3. Results from � ttings of the theoretical relaxation rates for Fontell’s structural model, equations (6), (7) and (18), with
spherocylindrical aggregates to experimental relaxation data.

T / ß C SDM tCD/ms Ra/AÃ rb Dlat/mm2 s Õ 1 SMP tMP/ps RMS dev./%

25.1 0.066+0.007
Õ 0.004 3.5+0.7

Õ 0.7 20.2+0.2
Õ 0.3 1.36+0.05

Õ 0.03 73+2
Õ 2 0.205+0.002

Õ 0.002 32+2
Õ 1 0.9

41.0 0.058+0.008
Õ 0.006 1.7+0.5

Õ 0.4 20.1+0.3
Õ 0.3 1.30+0.5

Õ 0.4 108+4
Õ 4 0.198+0.003

Õ 0.003 21+1
Õ 2 1.0

55.2 0.055+0.006
Õ 0.006 0.75+0.21

Õ 0.12 19.9+0.3
Õ 0.3 1.28+0.04

Õ 0.04 150+10
Õ 20 0.188+0.007

Õ 0.009 17+3
Õ 3 1.7

60.6 0.060+0.005
Õ 0.008 0.38+0.04

Õ 0.08 19.5+0.3
Õ 0.3 1.31+0.05

Õ 0.05 160+40
Õ 20 0.181+0.020

Õ 0.016 16+4
Õ 7 2.4

a The small semi-axis R was not allowed to exceed 20.4 AÃ [21, 46].
b Axial ratio of the aggregates.
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this is, as pointed out above, that the spatial diŒusion
over crystallites with diŒerent orientations is fast com-
pared with the diŒerences in relaxation rates. With the
equations of [29] and the parameters obtained above
we can calculate the variation in the relaxation rates
with orientation. Calculations of this type show that
there is very little variation in R1 ; the variation is well
within the uncertainties in the experimental values for
all temperatures and frequencies. For R1 our approach
is therefore valid. These results also imply that the
orientation dependence of R1 cannot be utilized to
extract the spectral densities in a model-free way as is
suggested in [29] and this is probably the case for most
I1 phases. The variation in R2 is, on the other hand,
substantial. At 55 ß C the RMS diŒusion length during a
time interval corresponding to the maximum diŒerence

Figure 7. Theoretical 2H R1 for Fontell’s structural model in R
2

is of the order of mm and it is questionable if the
[19] with spherocylindrical aggregates and the ratio of crystallites are small enough for the averaging to be
the eŒective coe� cient of rotational diŒusion perpen- e� cient. However, the result from a simulated T

2
experi-

dicular to the aggregate axis to the hydrodynamic value
ment, where the intensity for each peak was integrated(see the text) set to: 1 ( ), 0.5 ( ), 0.2 ( ) and 0.1 ( ).
over the contributions from diŒerent orientations withThe other input parameters are the same for all curves,

i.e. T 5 41 ß C and na 5 82. diŒerent intensities and linewidths, was equal to the
isotropic value within the uncertainties why a failure
to meet the above conditions has no consequences

relaxation rates from these � ttings that are shown as for the interpretation of the relaxation rates. At 25 ß C
the solid and dashed lines in � gures 4 and 5 where the the diŒusion length is a factor of ten smaller and the
ability of the model to reproduce the experimental simulated R2 15–20% lower than the isotropic R2 . At
relaxation rates is demonstrated. We see from these 41 ß C the diŒerence is ~5%. At these temperatures, the
� gures and the RMS deviations that the quality of the applied method may therefore well underestimate the
� ttings is good, better than that of the three-step � ttings. isotropic value. Fittings of data sets where the R2 values
The Vargas model gives equally good � ttings, none of were increased with corresponding amounts gave a tCD
which show any systematic deviations from the experi- at 41 ß C that agrees quite well with the self-diŒusion
mental relaxation rates, which speaks in favour of the value while there remains a small diŒerence at 25 ß C.
general structure and the dynamic model applied. Also,
the results obtained here suggest that there is very little

5. Discussionchange in the phase structure over the temperature
We argue above that the magnitude of the compositeinterval. The results for S

DM
obtained by � tting the

rotation–aggregate order parameter SDM cannot be usedFontell model con� rm the results of the three-step
unambiguously to diŒerentiate between the structuralmodel. It is also interesting to compare the value
models. The determined SDM values are, however, interest-Dlat 5 73 mm2 s Õ 1 obtained at 25 ß C from the � ttings of
ing by themselves. Their constancy over the temperaturethe Fontell model to that of 65 mm2 s Õ 1 for a 30%
interval is an important result. It is also interesting tomicellar solution at 28 ß C, which can be estimated form
note that they are very close to the value of 0.06 obtainedthe Lorenztian correlation time for the slow part of the
for lysolechitin [26] (determined from the � gures in the2H relaxation dispersion [24] and the aggregation
cited article) and 0.07 for 6-(dimethyleicosylammonio) -number [22]. The Vargas model with semi-toroidal
hexanoate [22]. These two phases have not beenaggregates, although it � ts very well to the data, gives a
assigned to any space group but their NMR spectraDlat that is 50% higher than in micelles.
show two kinds of aggregates and this points to theIf we look at the correlation time tCD, it agrees very
Pm3n structure [13]. This suggests that the structure ofwell with tvs obtained from the three-step � ttings and
the Pm3n I

1
phase does not change much even in thewith tex determined from the self-diŒusion at the two

� ner details such as the axial ratios of the aggregates , nothigher temperatures, but it is ~45% smaller at 25 ß C.
only over the large temperature interval but also betweenThis may partly be an artefact, however. We have until
the diŒerent systems, despite the diŒerent charactersnow assumed that our sample acts as a true powder

from a relaxation rate point of view. The condition for of the amphiphiles. This, in turn, leads to the suspicion
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that the conditions for the formation of this phase may motion, for geometrical reasons, has to be strongly
concerted, i.e. collective. This could be interpreted asbe quite speci� c and that the aggregate geometry may

not vary much. speaking against the structural model in the form
in which it has been presented here, but it is easy toA study of the published phase diagrams containing

I1 phases and other literature data con� rms this view imagine a structure with six prolate aggregates and two
spherical, the tumbling of which would be governed byand suggests that it also may apply to I1 phases other

than the Pm3n type. In the vast majority of investi- hydrodynamics . Such a structure allows a smaller maxi-
mum packing fraction than that with eight prolategated systems, the I

1
phases exist in a concentration

interval between 40–50% by weight of aggregates aggregates, but it should be favoured by the increased
entropy in the tumbling motion. The spread in the(amphiphiles 1 additive) in ionic and zwitter-ionic

systems, and between 30–40% wt in non-ionic systems. aggregation numbers determined in a � uorescence
quenching study [21] is also su� cient to allow for suchThis corresponds to volume fractions of hydrated

surfactant [8, 10] that are close to the maximum packing a structure [53].
fraction. (For the Pm3n structure it is 0.71 for eight
spherocylinders and 0.79 for six discs with semi-toroidal The authors are indebted to Olle Söderman and Bertil
rims and two spheres.) It is thus only when the micelles Halle for fruitful discussions. This work was � nanced by
are nearly in contact that it is favourable to form an the Swedish Natural Sciences Research Council.
ordered phase. The loss in entropy associated with the
formation of an ordered phase can be overcome by a
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