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Liquid crystalline order delays crystallisation in
mixed surfactant systems

Sepideh Khodaparast, *a William N. Sharratt, b Robert M. Dalglieshc and
João T. Cabral d

Crystallisation in mixed surfactant systems is often preceded by the formation of intermediate self-

assembled structures, whose influence on crystallisation pathways remains poorly understood. In

particular, the emergence of liquid crystalline phases can impact both the onset and progression of

crystallisation. Here, we investigate crystallisation upon cooling in aqueous mixtures of sodium dodecyl

sulfate (SDS) and dimethyldodecylamine oxide (DDAO) at concentrations relevant to formulated systems,

employing dynamic light scattering, cross-polarised optical microscopy, and small-angle neutron scattering.

We find that addition of DDAO to 20% SDS promotes the formation of a hexagonal liquid crystalline phase,

accompanied by a marked increase in viscosity and a pronounced change in crystallisation kinetics. While

the apparent crystallisation temperature is only weakly affected beyond 3 wt% DDAO, the induction time

for crystallisation increases by orders of magnitude for DDAO concentrations 5 wt%, indicating a strong

retardation of crystallisation within the liquid crystalline regime. Time-resolved small-angle neutron

scattering (SANS) reveals that crystallisation proceeds via a delayed transformation of the hexagonal phase,

with coexistence of liquid crystalline and crystalline structures over extended timescales. This kinetically

hindered pathway associated to liquid crystalline order can be exploited to postpone crystallisation (and

thus increase metastability) in surfactant formulations without significant changes to overall composition.

1 Introduction

Aqueous solutions of surfactants exhibit rich lyotropic phase
behaviour, arising from the self-assembly of amphiphilic mole-
cules into a range of structures including micelles, liquid crystal-
line phases and crystalline solids, depending on composition,
concentration and temperature.1–5 These transitions define the
physicochemical properties of the solution and underpin its
functionality in formulated systems.6–10 While boundaries
between these states are often represented in equilibrium phase
diagrams, the pathways between them can be strongly influenced
by kinetic factors, particularly in concentrated systems where
structural rearrangements are required.3,11–14 As a result, the
observed onset of ordering, and in particular crystallisation, may
deviate significantly from equilibrium expectations, reflecting the
interplay between thermodynamics and kinetics in complex self-
assembled fluids.

Sodium dodecyl sulfate (SDS) is one of the most widely used
anionic surfactants in formulated products, where it is typically
employed at relatively high concentrations in the micellar
regime to deliver cleaning and interfacial functionality.15–19

However, aqueous SDS solutions are known to crystallise at
temperatures close to ambient conditions within this concen-
tration range (1–20 wt%), leading to loss of performance and
challenges in storage stability.14–18 The crystallisation behaviour
of SDS has been shown to depend sensitively on experimental
conditions, including cooling rate, sample volume and confine-
ment, reflecting the strong influence of nucleation and growth
kinetics on the observed crystallisation temperature.19–21 As a
result, reported phase boundaries for SDS systems may vary
significantly depending on the measurement protocol, compli-
cating the identification of equilibrium behaviour and limiting
predictive control in practical formulations.

The addition of co-surfactants provides a potential route to
modify the phase behaviour and crystallisation of SDS solutions,
with amphoteric surfactants such as dimethyldodecylamine oxide
(DDAO) known to reduce the critical micelle concentration, alter
micellar structure and modify crystallisation behaviour.17,21–23

Previous studies have reported a reduction in the apparent
crystallisation temperature and changes in crystal morphology
and growth kinetics upon addition of DDAO to SDS solutions.21,23

However, these studies have largely focused on micellar systems,
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with limited attention to the emergence of liquid crystalline
phases at higher concentrations and their potential role in
crystallisation. In addition, the reported crystallisation behaviour
has primarily been assessed in terms of apparent crystallisation
temperature, with limited consideration of the underlying
kinetics and induction times associated with crystal formation.
The formation of liquid crystalline phases introduces an inter-
mediate state of orientational and positional order, within which
crystallisation requires substantial structural rearrangement.24 As
a result, crystallisation pathways may differ fundamentally from
those in isotropic micellar solutions, to extended induction times
and strong sensitivity of the observed crystallisation onset to
experimental protocol. Despite these implications, the coupling
between liquid crystalline ordering and crystallisation kinetics in
mixed surfactant systems remains largely unexplored.

Recent work has highlighted the strong coupling between
anisotropic order and mechanical/structural arrest in surfactant-
based lyotropic liquid crystalline systems, supporting the view that
liquid-crystalline ordering can impose kinetic constraints on sub-
sequent phase transformations.24,25 To address the role of liquid
crystalline ordering in surfactant crystallisation and its impact on
observed phase behaviour, we investigate mixed SDS/DDAO sys-
tems at concentrations relevant to formulated applications. Using
a combination of dynamic light scattering, cross-polarised optical
microscopy and small-angle neutron scattering, we resolve the
structural evolution of the system across micellar, liquid crystalline
and crystalline regimes during controlled cooling. We identify the
transition in composition at which liquid crystalline phases
emerge and examine the temperature-concentration region in
its vicinity, where crystallisation behaviour becomes strongly
dependent on the underlying self-assembled structure. This
approach enables direct comparison of crystallisation pathways
originating from distinct phases and provides insight into the
origin of delayed crystallisation in the presence of liquid crystal-
line order. The findings highlight the importance of pathway-
dependent kinetics in determining the apparent crystallisation
behaviour and the associated challenges in identifying equili-
brium phase boundaries in complex surfactant systems.

2 Materials and methods

Sodium dodecyl sulfate, SDS (499.0% purity) and an aqueous
solution of 30 wt% DDAO were purchased from Sigma-Aldrich
and used as received. Solutions for DLS and OM analyses were
prepared by mixing the surfactants in deionised water. Homo-
geneous SDS solutions were doped with DDAO solution to
achieve the desired concentration. Surfactant solutions for SANS
measurements were prepared by mixing DDAO and SDS (both of
499.0% purity) in D2O. Mole fractions of the surfactants were
kept constant when substituting deionised water with D2O.

2.1 Cross-polarised optical microscopy

CPOM was employed to detect phase transition from the
isotropic micellar phase to the birefringent liquid crystalline
and the crystalline phases, following procedures described in

previous publications.3,14 In summary, 3 mL of the solution was
placed between two thin glass cover slips. Solvent evaporation
during the experiments was minimised by sealing the area
surrounding the droplet using a gasket. Isothermal experiments
were performed by initially stabilising the droplet at 60 1C before
a rapid quench (at 80 1C min�1) to the final temperature of
interest, using a Linkam THMS600 temperature control stage.
OM images were captured with an Olympus BX41M-LED micro-
scope, using a 10� objective and a CMOS camera (Basler ac2040-
90) that provided an overall spatial resolution of 1.5 mm per pixel.

2.2 Dynamic light scattering (DLS)

DLS was performed using a Zetasizer Nano S (Malvern Panalyti-
cal), operating with a back-scattering detector (y = 1731) and a
633 nm He–Ne laser. Samples were loaded in polystyrene cuvettes
(pathlength 10 mm), with controlled temperature in the range of
60 1C down to 0 1C. Experiments were initiated at 60 1C to ensure
isotropic micellar phase at the start of the measurements. The
correlation data were interpreted for basic phase recognition
without further fitting or analysis.

2.3 Small angle neutron scattering (SANS)

SANS experiments were performed under linear and quenching
cycles on the Larmor diffractometer (ISIS, Harwell, UK), with a
polychromatic l = 0.9–13.3 Å unpolarised incident beam with
sample-to-detector distance = 4.1 m, yielding a fixed momen-
tum transfer range of approximately 0.005 o Q o 0.6 Å�1 with
the peak flux in the intermediate Q range.26 Fully dissolved
surfactant solutions were loaded in quartz cells (1 mm banjo,
Starna). All tests were started at 60 1C, where all solutions were
in the isotropic micellar phase. Quiescent tests for phase
mapping were performed by placing the quartz cells into a
metallic sample changer that was thermally controlled using a
liquid bath. Controlled cooling rates were applied using a
Peltier devices to achieve nominal rates of 0.1 and 100 1C
min�1. The resulting SANS data were reduced, using standard
procedures, in MANTID.27

3 Results

We focus on aqueous solutions containing 20 wt% SDS, a
concentration of direct relevance to formulated systems where
crystallisation occurs close to ambient conditions. Previous
studies have shown that the addition of DDAO modifies the
micellar structure through charge screening and promotes the
formation of elongated aggregates even at low additive
concentrations.17,22,28,29 At higher DDAO contents, transitions
to more ordered phases have been suggested, although their
impact on crystallisation remains unclear.

3.1 Composition window

To identify the composition range of interest, we first examine
the induction time for crystallisation in mixed SDS/DDAO solu-
tions following rapid cooling to 4 1C. Importantly, the SDS
concentration is held constant at 20 wt% across all compositions,
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thus, any observed changes in crystallisation kinetics arise from
modifications to self-assembled structure rather than variations
in the total crystallising species. Fig. 1 shows the induction time,
measured with DLS, defined as the time required for the first
detectable crystalline structures to appear, as a function of DDAO
concentration. For DDAO concentrations up to 3 wt%, the
induction time increases gradually, remaining on the order of a
few minutes. In contrast, a sharp increase in induction time is
observed for DDAO concentrations Z4 wt%, where crystallisation
is delayed to several tens of minutes.

This marked change in behaviour identifies a transition
between two distinct regimes of crystallisation kinetics, sepa-
rated by a composition threshold between 3 and 5 wt% DDAO.
Notably, this transition occurs without a corresponding shift in
the crystallisation temperature, indicating that the observed
delay is not primarily thermodynamic in origin. Instead, the
abrupt increase in induction time suggests a change in the
underlying self-assembled structure of the solution, motivating
a detailed investigation of phase behaviour and crystallisation
pathways within this composition window.

3.2 Phase behaviour

The phase behaviour of mixed SDS/DDAO solutions was char-
acterised using DLS, CPOM and SANS, enabling identification
of micellar (L1), liquid crystalline (LC) and crystalline (C)
phases across the temperature-composition space. Representa-
tive signatures of each phase are shown in Fig. 2.

The isotropic micellar phase (L1), observed at lower DDAO
concentrations and higher temperatures, is characterised by a
rapidly decaying correlation function in DLS, the absence of
birefringence in CPOM, and a broad structure factor peak in
SANS corresponding to disordered micellar aggregates (Fig. 2c–e).
In this regime, the addition of DDAO is known to promote growth
and elongation of ellipsoidal micelles, resulting in increased
solution viscosity compared to pure SDS systems.17,22

At higher DDAO concentrations, a transition to a gel-like self
standing liquid crystalline phase is observed (Fig. 2a and b). This
phase is identified by the appearance of birefringent textures in
CPOM and the emergence of multiple peaks in the SANS profiles,
consistent with a hexagonal arrangement of elongated cylindrical
aggregates (Fig. 2c and e). The corresponding DLS correlation
functions exhibit multiple decay modes, reflecting the presence
of slow structural relaxation within the ordered phase (Fig. 2d). In
particular, the liquid crystalline phase is detected at total surfac-
tant concentrations as low as E25 wt% in mixed SDS/DDAO
systems, significantly lower than those found for aqueous SDS
solutions.15,16,30–32

Crystalline phases are identified by the appearance of strongly
birefringent domains in CPOM and the emergence of a sharp
Bragg peak at high Q in the SANS profiles, corresponding to the
lamellar surfactant phase, consistent with SDS-rich structures
(Fig. 2c). In DLS measurements, crystal formation is associated
with the appearance of a slow decay mode at long correlation
times (Fig. 2d).

The resulting phase diagram is summarised in Fig. 2b. The
liquid crystalline phase occupies a composition range above
approximately 3–4 wt% DDAO and spans a broad temperature
window between the micellar and crystalline regions. Impor-
tantly, the emergence of the liquid crystalline phase coincides
with the composition range over which a marked increase in
crystallisation induction time was observed in Fig. 1. This
correspondence indicates that the transition in crystallisation
behaviour identified previously is associated with a change in
the underlying self-assembled structure of the solution, from
isotropic micelles to an ordered liquid crystalline phase.

The impact of the liquid crystalline phase on crystallisation
behaviour is further illustrated by optical microscopy images
obtained during isothermal tests at 4 1C (Fig. 3). For solutions
containing r3 wt% DDAO, crystalline domains are observed
within the isotropic micellar phase after relatively short times. In
contrast, for DDAO concentrations Z5 wt%, no crystalline struc-
tures are detected at early times despite the system being cooled
below the crystallisation temperature. Instead, birefringent liquid
crystalline textures persist, with crystal formation occurring only at
later times as the liquid crystalline phase gradually disappears.
These observations indicate that crystallisation is significantly
delayed in the presence of liquid crystalline order.

3.3 Crystallisation pathways

The influence of liquid crystalline ordering on crystallisation is
further examined by comparing the structural evolution of SDS/
DDAO solutions across compositions spanning the two regimes
identified in Fig. 1. Fig. 4 presents representative SANS profiles
obtained during cooling for systems corresponding to pure
SDS, intermediate DDAO content (r3 wt%), and compositions
within the liquid crystalline regime (Z5 wt%).

For pure SDS and low DDAO concentrations (r3 wt%),
crystallisation proceeds directly from the isotropic micellar (left
downward arrow in Fig. 2b). Upon cooling, the diffuse scattering
associated with disordered micelles is progressively replaced by
a sharp Bragg peak at high Q, indicating the formation of the

Fig. 1 Impact of DDAO incorporation on crystallisation induction time ti

of SDS solutions. The induction time is measured using DLS as a function
of the wt% of added DDAO to an aqueous solution of 20 wt% SDS.
Solutions with DDAO concentrations r3 wt% flow upon flipping the vial,
while those at higher concentrations of DDAO appear as a gel with a
significantly higher viscosity. The shaded regions highlight composition
ranges exhibiting distinct crystallisation behaviour: the low-DDAO region
corresponds to rapid crystallisation from a micellar phase, while the high-
DDAO region corresponds to significantly delayed crystallisation asso-
ciated with the formation of a liquid crystalline phase.
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layered crystalline structure. No intermediate ordered phase is
observed, and the transition occurs over relatively short timescales,
consistent with the induction times reported in Section 3.1.

In contrast, for DDAO concentrations within the liquid crystal-
line regime (Z5 wt%), crystallisation follows a distinct pathway.
Prior to the appearance of crystalline features, the system first
forms a hexagonal liquid crystalline phase, characterised by multi-
ple Bragg peaks at intermediate Q corresponding to the ordered
arrangement of elongated cylindrical aggregates (right downward
arrow in Fig. 2b). The subsequent emergence of crystalline peaks
occurs only after prolonged times, indicating that crystallisation
proceeds via transformation of the liquid crystalline phase rather
than directly from the micellar state.

The comparison highlights a fundamental difference in crys-
tallisation pathways across the composition range. While micellar
systems undergo a direct transition from disordered aggregates to
crystalline order, systems within the liquid crystalline regime
follow a two-step pathway involving the formation of an inter-
mediate ordered phase. This change in pathway is consistent with
the marked increase in induction time observed at higher DDAO

concentrations and suggests that the presence of liquid crystalline
order introduces an additional structural barrier to crystallisation.

3.4 Time-resolved structural evolution

To further elucidate the origin of delayed crystallisation within
the liquid crystalline regime, we examined the structural evolu-
tion of the 20 wt% SDS + 5 wt% DDAO system by SANS under
both slow linear cooling (Fig. 5) and a rapid quench (Fig. 6)
conditions. In particular, the evolution of the peak positions is
quantitatively extracted and presented in Fig. 5b and Fig. 6c
and d, allowing direct tracking of lattice spacing and structural
changes within the hexagonal phase.

During linear cooling (Fig. 5a), the broad micellar scattering
profile observed at 60 1C progressively transforms into that of a
hexagonal liquid crystalline phase, marked by the emergence of
the primary and second-order reflections with ratios consistent

with 1 and
ffiffiffi

3
p

. The third reflection becomes increasingly

distinct at lower temperatures and approaches the
ffiffiffi

7
p

position
as the structure becomes more ordered (Fig. 5b). After the

Fig. 2 Phase behaviour of aqueous solution of 20 wt% SDS with 0–6 wt% of added DDAO surfactant. The micellar/liquid crystal, micellar/crystalline and
liquid crystal/crystalline phases indicate points where transition to the higher ordered phase is first detected. A combination of CPOM, DLS and SANS
measurements is used to quantify the position of phase boundaries. Illustrated data in (a) and (c)–(d) correspond to temperature and concentrations
identified on the phase diagram. Representative inverted vial macroscopic images of flowable micellar phases (left, 20 wt% SDS and middle, 20 wt% SDS +
3 wt% DDAO), and (right) self-standing gel-like liquid crystalline phase observed at Z4–6 wt% DDAO. (b) Temperature-concentration phase map for a
base solution of 20 w% SDS and varied DDAO content. (c) Example CPOM images representing the black micellar phase and birefringent liquid crystal and
crystal phases. (d) Examples of DLS measurements showing a single high intensity fast decaying curve for the micellar phase (L1, top), low intensity curve
with multiple slower decaying functions for the liquid crystal phase (LC, middle) and longer delay time in the correlation function representing the
formation of crystals within the solution (C, bottom). (e) Example SANS measurements of a broad peak at intermediate Q values representing the micellar
phase (top), three peaks at Q,

ffiffiffi

3
p

Q and
ffiffiffi

7
p

Q corresponding to the hexagonal liquid crystal phase (middle) and a sharp Bragg peak demonstrating the
bilayer structure of the surfactant crystals. Across a, b and c panels, L1, LC and C refer to solutions of 20% SDS at 20 1C, 20% SDS + 3% DDAO at 20 1C and
20% SDS at 0 1C phases, respectively.
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system reaches 0 1C, a second hexagonal population develops
during the isothermal hold, giving rise to a transient splitting
of the Bragg peaks. Over time, one of these populations
gradually disappears, leaving a single hexagonal phase with
larger spacing. In parallel, the low-Q scattering evolves from an
approximately flat micellar profile (b E 0) to a slope close to
�1, consistent with elongated cylindrical aggregates,32 and
finally approaches �4 as three-dimensional crystalline objects
emerge.33

The corresponding evolution after rapid cooling from 60 to
0 1C is shown in Fig. 6. Immediately after quench, the system
forms a hexagonal liquid crystalline phase, which is retained for
an extended period before clear crystalline signatures appear. As
in the slowly cooled sample, the hexagonal phase subsequently
divides into two populations and later converges to a single phase
at larger spacing before the appearance of the crystal bilayer Bragg
peak (Fig. 6a and b). During this process, the shift of the primary
peak to lower Q corresponds to an increase in lattice spacing
within the hexagonal phase. This evolution, quantified in Fig. 5b
and 6c, d, indicates progressive structural rearrangement of the
cylindrical aggregates during cooling and isothermal holding. The
transient coexistence of two hexagonal populations, identified by
distinct peak positions, indicates the presence of domains with
different lattice spacings. This behaviour is consistent with an
evolving internal structure within the liquid crystalline phase
rather than a static mesophase. In contrast to the gradual order-
ing observed during slow cooling, the quench test measurements
resolve the delayed induction of crystallisation at a fixed tempera-
ture. Throughout this structural transformation, the three reflec-

tions retain the ratios 1 :
ffiffiffi

3
p

:
ffiffiffi

7
p

(Fig. 6d), confirming that the

system retains hexagonal symmetry, indicating that crystallisation
proceeds via transformation within an ordered phase rather than
from a disordered state. The low-Q exponent follows the same
sequence observed under slow cooling, changing from approxi-
mately 0 in the isotropic micellar state to around �1 upon
formation of long hexagonally packed cylindrical aggregates and
then to �4 as three-dimensional crystals appear, providing a
continuous structural signature of the transformation pathway
(Fig. 6e).

The CPOM images and schematics in Fig. 6b provide a
complementary real-space description of this pathway. The
structural evolution proposed in this panel is consistent with
the temperature-dependent micellar growth previously reported
for SDS/DDAO mixtures, in which initially ellipsoidal micelles
become increasingly elongated on cooling. In the present sys-
tem, the emergence of sharp Bragg reflections and a low-Q
exponent close to �1 indicates the formation of finite cylind-
rical aggregates that subsequently organise into a hexagonal
liquid crystalline phase. The relatively tight packing observed in
this regime suggests that the cylinders retain an anisotropic,
likely tilted ellipsoidal cross-section. Further cooling is accom-
panied by a shift of the primary peak to lower Q, consistent with
continued aggregate growth and increasing characteristic spa-
cing within the ordered phase. The appearance of two coexisting
hexagonal populations at later times suggests the emergence of
a secondary ordered structure during the approach to crystal-
lisation. Notably, this second population develops concurrently
with the appearance of the bilayer Bragg peak associated with
lamellar crystalline phase. This behaviour is consistent with a
structural rearrangement in which the elongated cylindrical

Fig. 3 Bright field (top row) and cross-polarised (bottom row) optical microscopy images of lamellar surfactant crystals in the mixed surfactant solutions
of interest obtained in the bulk solution through cooling. 1–6 wt% DDAO was added to a base solution of 20 wt% SDS content. Mixed surfactant solutions
were examined after 2 and 24 hours being held at 4 1C.

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
6/

20
26

 1
2:

27
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sm00317f


Soft Matter This journal is © The Royal Society of Chemistry 2026

Fig. 4 Transformation pathways of crystal formation from the micellar surfactant solutions demonstrated by DLS and SANS data for (a) 20 wt% SDS, (b)
20 + 3 wt% SDS/DDAO and (c) 20 + 5 wt% SDS/DDAO. Average cooling rate in all experiments is 0.1 1C min�1. SANS data after isothermal wait time
(+30 min) is included close to the phase boundaries. The CPOM images on the right show lamellar crystalline phase within (a) water, (b) micellar solution
and (c) birefringent hexagonal solution at 0 1C. Scale bar corresponds to 100 mm in all images.

Fig. 5 SANS data for mixed 20 + 5 wt% SDS/DDAO during a linear cooling cycles at 0.1 1C min�1 with pauses for data acquisition at different
temperatures. (a) Intensity versus scattering vector graph shows transformation from the broader central peak of the micellar solution at 60 1C to the
hexagonal liquid crystal phase identified based on the appearance of the 1 :

ffiffiffi

3
p

lattice peaks. No clear indication of crystal formation is observed when
cooling the solution 0 1C. A secondary hexagonal population was observed for the sample kept at 0 1C, whose development and growth consumed the
first population after around 80 min of wait time at 0 1C. Inset graph refers to the power of fit to the low-Q region demonstrating the transition from 0
(micellar phase) to �1 (hexagonally packed elongated cylinders) at intermediate temperatures and finally to �4 (three-dimensional crystal aggregates) at
later times at 0 1C. (b) The ratio the magnitude of Q at the second and third peak to Q1.
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aggregates progressively flatten into ribbon-like bilayer objects
while partially retaining hexagonal positional order. Such an
intermediate state would provide a plausible structural pathway
between the hexagonal mesophase and the final lamellar
crystal structure, and may explain the prolonged coexistence of
liquid crystalline and crystalline features observed during the
transformation.

These observations show that crystallisation in the liquid
crystalline regime does not proceed directly from the micellar
state, but via a delayed transformation of a hexagonally ordered
mesophase. This intermediate phase therefore acts as a kineti-
cally hindered state, within which structural reorganisation is
required before the final lamellar crystal structure can form.
More broadly, the presence of a liquid crystalline phase funda-
mentally alters the relationship between crystallisation tempera-
ture and structural state. Although crystallisation ultimately
occurs at similar temperatures across the composition range,
the pathway and timescale of the transformation depend

strongly on whether the system is in a micellar or liquid crystal-
line state. In the latter case, the ordered mesophase introduces
an additional structural constraint with associated energetic
barriers, requiring reorganisation of elongated aggregates prior
to crystal formation. The increase in lattice spacing and coex-
istence of domains suggest a gradual transformation of the
aggregate morphology toward structures compatible with lamel-
lar crystalline order. While the precise nature of this rearrange-
ment cannot be uniquely determined from small-angle
scattering alone, it likely involves significant re-organisation of
surfactant packing within the liquid crystalline phase. As a
result, the observed crystallisation temperature no longer reflects
a direct thermodynamic phase boundary, but rather the inter-
play between phase behaviour and kinetic accessibility. This
behaviour highlights the difficulty in identifying equilibrium
crystallisation boundaries in the vicinity of liquid crystalline
phases, where experimentally observed transitions are strongly
influenced by kinetic limitations.

Fig. 6 Crystallisation within the liquid crystal solution of 20 + 5 wt% SDS/DDAO collected during quenching experiments. (a) SANS data for the rapidly
cooled solution at 100 1C min�1 from 60 1C and kept at 0 1C. SANS data collected at 60 1C and 20 1C are included in the graph for reference. The
hexagonal liquid crystal phase is identified by the appearance of the 1 :
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:
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7
p

lattice order peaks labeled as Q1, Q*, Q2 and Q3. A power law fit Qb represents
the behaviour of the I–Q curve in the low-Q region. (b) Temporal SANS data of the triple hexagonal peak taken from (a) with time evolving from bottom to
top. Inset images on the left show CPOM (300� 300 mm2 region) of a droplet of the mixed 20 + 5 wt% SDS/DDAO cooled from the bottom and kept at 0 1C.
Schematics show the transformation from ellipsoidal micelles to hexagonal packed cylinders of ellipsoidal cross-sections (LC) and later to the co-existing
hexagonal liquid crystalline and templated crystalline phase (LC + C) before evolving into a fully lamellar crystal structure in with a hexagonal order. Images on
the right show examples of the micellar, liquid crystalline and mixed LC + C phase samples in SANS sampling cuvette. (c) and (d) Absolute and relative Q values
of the peak positions, showing hexagonal order across the tested temperatures. (e) Slope of the power-law fit to the low-Q regions shows transition from
isotropic micelles (b = 0) to elongated one-dimensional cylinders (b = �1) to three-dimensional crystals (b = �4).

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
6/

20
26

 1
2:

27
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sm00317f


Soft Matter This journal is © The Royal Society of Chemistry 2026

The structural characteristics of the crystalline phase are
further examined in Fig. 7. The SANS profiles in Fig. 7a show
that the position of the high-Q Bragg peak associated with the
SDS bilayer remains unchanged upon addition of DDAO, corres-
ponding to a characteristic spacing of approximately 32.7 Å
across all compositions studied. This indicates that the internal
structure of the crystals is not significantly altered by the
presence of the co-surfactant.14 Comparison with reported
crystallographic data shows that this spacing lies between those
of highly hydrated (mono- and hemihydrate) and low-hydration (1/
8 hydrate and anhydrous) SDS crystal structures, suggesting a
hydrated lamellar phase with possible contributions from less
hydrated packing motifs.34 As the present measurements are
limited to small-angle scattering, which probes only the lamellar
repeat distance, we do not assign a specific hydrate, polymorph, or
crystal composition. In particular, we cannot exclude partial incor-
poration of DDAO or the formation of mixed surfactant crystalline
phases. A definitive structural and compositional identification
would require wide-angle diffraction or spatially resolved spectro-
scopic measurements, which are not included in the present study.
Fig. 7b compares the final structures obtained following isothermal
crystallisation at 0 1C and linear cooling. The scattering profiles
overlap closely, with Bragg peak positions following the ratios

1 :
ffiffiffi
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p
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p

, demonstrating that the same hexagonally structured
bilayer crystalline phase is formed under both conditions. These
observations indicate that the final crystalline structure is indepen-
dent of both composition and cooling pathway. The delayed
crystallisation observed in the presence of liquid crystalline phases
does not thus arise from differences in the final crystal structure,
but rather from kinetic constraints associated with the transforma-
tion pathway leading to this equilibrium state.

4 Conclusions

The phase behaviour and crystallisation of mixed SDS/DDAO
surfactant systems were investigated using a combination of
scattering and microscopy techniques, enabling direct correla-
tion between nanoscale structure and macroscopic crystallisa-
tion behaviour. The addition of DDAO was found to promote
the formation of a hexagonal liquid crystalline phase at con-
centrations significantly lower than in pure SDS systems,
introducing a distinct regime of self-assembly at compositions
relevant to formulated applications.

Within this regime, crystallisation is markedly delayed, with
induction times increasing by orders of magnitude despite only
minor changes in the apparent crystallisation temperature.
Structural analysis demonstrates that this delay arises from a
change in crystallisation pathway, with systems transitioning
from direct crystallisation of micellar solutions to a two-step
process involving the formation and subsequent transforma-
tion of a liquid crystalline phase. This intermediate ordered
state imposes constraints on molecular rearrangement, result-
ing in kinetically hindered crystallisation.

These findings highlight that, in the vicinity of liquid
crystalline phase boundaries, the experimentally observed crystal-
lisation behaviour is strongly governed by kinetics rather than
equilibrium thermodynamics. As a result, apparent phase bound-
aries may be highly dependent on experimental protocol and
timescale. The results provide a framework for understanding
and controlling crystallisation in mixed surfactant systems and
are expected to be relevant to a broad range of formulations in
which mesophase formation precedes crystallisation. More broadly,
these results demonstrate that the presence of intermediate meso-
phases can decouple crystallisation kinetics from equilibrium

Fig. 7 Small-angle neutron scattering (SANS) profiles of mixed SDS/DDAO systems illustrating the structure of the liquid crystalline phase and its
robustness to thermal history. (a) Scattering intensity profiles for 20 wt% SDS with varying DDAO concentrations (0–5 wt%), showing the evolution from
micellar scattering to the emergence of pronounced Bragg peaks at intermediate Q corresponding to the formation of an ordered liquid crystalline
phase. The inset highlights the primary peak position, indicating a characteristic spacing of approximately 32.7 Å. (b) Comparison of SANS profiles for a
system containing 5 wt% DDAO obtained under quenching and linear cooling conditions. The positions of the Bragg peaks follow the ratios 1 :
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consistent with a hexagonal arrangement of cylindrical aggregates. The agreement between cooling protocols indicates that the structure of the liquid
crystalline phase is independent of thermal history.
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thermodynamics, with important implications for the interpreta-
tion of phase diagrams in complex self-assembled systems.
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