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This paper presents a detailed analysis of the structure of the hexagonal phase of poly(ferrocenylsilane)
(PFS)- based cylindrical micelles found at concentrations above ca. 5 wt. % in non-polar solvents such
as decane. Small angle X-ray scattering indicated that the hexagonal order is not long-range. In all
samples, deviations in the lower order peak positions were observed with respect to those expected for a
perfect hexagonal lattice, with the degree of deviation correlating with the micelle length. Furthermore,
analysis of the peak shapes and peak widths suggest that the phase possesses intermediate translational
order similar to the hexatic phase. The observed features can be reproduced by amending Hosemann’s
paracrystal theory to include a distribution of lattice parameters to model well and poorly condensed
regions. It is proposed that this distribution arises due to the bending and intertwining of individual
micelles in a hexagonal lattice resulting in a kinetically-trapped phase that is initially neither perfectly
hexagonal nor canonically hexatic but which anneals over time towards a perfect hexagonal lattice.

Keywords: Block Copolymer Micelles, Small-angle X-ray Scattering, Hexagonal Phase, Paracrystalline
Lattice, Hexatic

1. Introduction

In the natural world, hierarchical self-assembly and self-organisation are responsible for a stunning
variety of different structures and architectures.[1] Helical tropocollagen protein molecules, for
example, aggregate to form fibrils which in turn come together to first form fibres and then the
ever larger fibre bundles which eventually form macroscopic tendon units.[2] In order to be able
to replicate or even improve upon such structures synthetically, it is necessary not only to be able
to produce the constituent building blocks but also to fully understand their organisation at high
concentrations and its consequences for the resulting hierarchical self-assembly.

One promising route to produce such building blocks takes advantage of the self-assembly prop-
erties of crystalline-coil block copolymers. Diblocks containing a crystallisable core-forming met-
alloblock such as poly(ferrocenyldimethylsilane) (PFS) for example, readily self-assemble to from
1-D cylindrical micelles in a selective solvent for the coblock.[3] Crucially, the ends of these self-
assembled cylinders remain amenable to the addition of further amounts of unimer.[4] This leads
to an increase in length by the epitaxial crystallization of the core-forming metalloblock that is
proportional to the amount of block copolymer added, in a process known as living crystallisation-
driven self-assembly (analogous to classical covalent polymerizations). It is also possible to prepare
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populations of well-defined seed micelle precursors by low temperature ultrasonic fission of pre-
viously self-assembled cylinders, allowing for a high level of control over the micelle lengths.[5]
Micelles produced in this way have already been shown to form lyotropic liquid crystalline phases
that could be aligned in an electric field.[6, 7]

A further advantage of the block copolymer self-assembly route is the potential to carefully tune
the inter-particle interactions. The chemistry of the corona can be altered by simply changing the
amorphous coblock,[8] but also more subtly by cross-linking the corona,[9] quaternising the corona
[10] and even adding different functionality to the corona.[11, 12] These techniques have been used
to create hierarchical self-assembled structures and superstructures in solution.[13–15]

Previous work on the liquid crystalline phase behaviour of PFS-based cylindrical micelles dis-
persed in decane revealed the existence of nematic and hexagonal phases, however discussion of the
results was focussed predominantly on the isotropic and nematic phases.[7] Indeed where the phase
behaviour of semi-flexible rods has been reported elsewhere,[16–23] there has been little discussion
of what occurs at high concentrations.

Previous studies of cylindrical block copolymer micelles do report the existence of a hexagonal
phase occurring at high concentrations, [24–28] however in all cases where the order is discussed, this
appears to be a regular, translationally well-ordered phase. Another possible phase for systems of
concentrated semi-flexible rods is the hexatic, which exhibits long-range sixfold orientational order
but only short range translational order. Such phases have been observed for systems of DNA
molecules, [29] cationic surfactants in protic ionic liquids, [30] and fd virus particles. [31]

In this paper, small angle X-ray scattering (SAXS) experiments are used to probe the nature of
the hexagonal phase that occurs in block copolymer micelles at high concentrations. An empirical
model has been constructed to test some of the assumptions made and is compared to the measured
data. A comparison of the results with those expected from other candidate phases shows that the
phase exhibited by the block copolymer micelles is neither perfectly hexagonally crystalline nor
canonically hexatic, although it shares features with both.

2. Experimental

2.1 Materials

A detailed account of the synthetic procedure is given elsewhere.[7, 32] Briefly, the
poly(ferrocenyldimethylsilane)-block -polyisoprene (PFS-b-PI) diblock copolymers employed in this
study were prepared by the addition of dimethylsila[1]ferrocenophane to a solution of sec-BuLi-
initiated PI in THF before the living chains were terminated by the addition of a few drops of
degassed methanol. All solvents throughout were HPLC grade, obtained from Sigma Aldrich (St
Louis, MO, USA), and were passed through 0.45 µm filters prior to use.

2.2 Sample Preparation

Monodisperse micelles were prepared via the seeded growth method.[5] Solutions of micelle seeds
were prepared by adding n-hexane (a selective solvent for the amorphous block and a poor solvent
for the PFS block) to a vial containing a dry PFS-containing diblock copolymer. The sealed vial
was then heated to 70◦C for 1 hour, cooled to room temperature and allowed to age for four weeks,
during which time the polymer readily self-assembles to form long rod-like micelles. Crystallite seed
solutions were generated by ultra-sonication of the longer polydisperse micelles. As the ends of these
seeds remain active to the addition of further unimer, micelle lengths could be tuned by adding a
given amount of PFS-b-PI diblock copolymer (dissolved in THF) to the seed solution. An alternative
self-seeding method was employed to prepare the polydisperse micelles.[33] In this case, as-grown
micelle solutions were heated to a certain temperature below the melting point of the PFS block
and then cooled to room temperature. This process dissolves the smallest crystalline domains of the
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Table 1. Summary of micelle length distributions as determined from TEM. Adapted from [7].

Polymer Micelle Length Ln (nm) σ/Ln Lw/Ln

Seeded Samples

PFS53-b-PI637 350 0.25 1.06

PFS53-b-PI637 640 0.18 1.03

PFS53-b-PI637 1160 0.20 1.04

PFS53-b-PI637 2130 0.15 1.02

PFS90-b-PI890 805 0.18 1.03

PFS133-b-PI1250 715 0.21 1.04

PFS63-b-PI1424 495 0.17 1.03

Self-seeded Samples

PFS53-b-PI637 700 0.70 1.49

PFS90-b-PI890 690 0.65 1.42

PFS63-b-PI1424 530 0.88 1.77

micelle fraction, making unimer available to crystallise onto the ends of the remaining fragments
upon cooling. Micelle lengths and length distributions were determined via transmission electron
microscopy (TEM). For each sample, a minimum of 500 micelles were measured by manually tracing
the electron-rich cores visible in the micrographs using the image analysis software ImageJ. The
results are shown in Table 1.

In order to produce samples at well-defined concentrations (10, 25, 50, 75, 100 and 150 mg/mL),
large volumes of micellar stock solutions were first prepared at 0.5 mg/mL in hexane for each
composition and length. Known volumes of solution were then transferred to quartz capillary
tubes (Capillary Tube Supplies, Cornwall, UK) where the hexane was allowed to slowly evaporate.
To prevent the micelles from drying out, a known amount of less volatile decane was added to
the capillaries prior to the complete loss of hexane and the capillaries were subsequently heated
at 40◦C to complete the removal of the remaining hexanes. The capillaries were then sealed with
epoxy resin.

2.3 Small Angle X-ray Scattering

The original SAXS measurements were performed at the Diamond Light Source synchrotron (Did-
cot, UK) on the I22 small-angle X-ray scattering instrument operating at a wavelength of 1.0 Å and
a distance of 6.0 m to the Rapid-type detector. Subsequent measurements on the solvated samples
were conducted using a Ganesha small angle X-ray scattering apparatus (SAXSLAB, Denmark)
operating at a wavelength of 1.5 Å (Cu K-alpha) and a sample to detector distance of 1.4 m.
The scattering patterns were detected by a Pilatus 300K X-Ray Detector (Dectris, Switzerland).
The instrument was evacuated during measurements to reduce air scattering. Measurements on
the dried samples were performed on beamline I911 at the MAX II synchrotron (Lund, Sweden)
operating at a wavelength of 0.91 Å and a sample to detector distance of 2.9 m. The detector on
this instrument was a Pilatus 1M (Dectris, Switzerland). Dectris detectors are produced in sections
separated by gaps as can be seen in the images.
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3. Results and Discussion

3.1 Observations and Model

It has previously been observed that PFS-b-PI micelles dispersed in decane form a translationally
ordered phase at high concentrations. In azimuthally averaged data from SAXS experiments, this
phase manifests as sharp Bragg reflections with scattering vectors in the ratio 1 :

√
3 :
√

4 :
√

7,
indicating a 2-dimensional hexagonal lattice. An attempt to determine the lattice parameter of
this phase revealed a surprising effect. The positions of the lower order peaks are slightly below
the values expected from the higher order peaks for a hexagonal lattice. This can be observed in
Figure 1a. Note that in order to simplify subsequent modelling and also to aid comparison between
different samples, the data is presented in the form of an effective structure factor, whereby the
azimuthally averaged scattered intensity from the high concentration samples is divided by the
azimuthally averaged scattered intensity from the corresponding low concentration samples (10
mg/mL). This is possible as at low concentrations, the contribution from inter-particle correlations
is negligible and can be considered independent of scattering vector, Q. A comparison of the original
datasets is given in Figure S4 and a more detailed study on the form factor of the single micelles
can be found elsewhere.[7] The dashed lines in Figure 1a indicate the theoretical peak positions for
a lattice parameter chosen to agree with the (100) peak and are clearly inconsistent with the higher
order peaks, e.g. (210). This peak shift in the diffraction pattern can be quantified by calculating
the apparent lattice parameter, a′, from each peak assuming a 2D hexagonal lattice:

a′ =
4π√

3Qhk0

√
h2 + k2 + hk (1)

It can be observed in Figure 1b and Figure 1c, that the lattice parameters from the (100) peak
are 1.5-5% higher than those determined from higher order peaks. For micelles shorter than 1 µm,
the micelle length is a factor in this, as it scales with the relative discrepancies (Figure 1c) and the
longer micelles tend to give broader and weaker higher order peaks (Figure 2).

An analysis of the peak widths (Figure 3) revealed that, with the exception of the PFS63-b-PI1424

micelles where the peak widths were commensurate with the instrumental resolution, the width of
higher order reflections increases with Q. This strongly suggests that the phase in question does
not have the long-range translational order of a true crystal.

In order to shed more light on the nature of the hexagonal phase, a structure factor model
was constructed to reflect the observed phenomena. Simple lattice distortion models, such as the
paracrystal theory of Hosemann, predict peaks that are broader and weaker at higher Q. The
strength of this effect is controlled by radial and transverse lattice distortion parameters, ∆r and
∆t, larger values leading to broader and weaker peaks. However, such lattice distortion models
always predict peak maxima at the position expected from a perfect lattice and so are unable to
account for the peak shifts observed in the diffraction from the hexagonal phase.

The shifting of peaks from their expected positions in a diffraction pattern implies that different
regions of the sample have hexagonal structures but with slightly different lattice parameters.
Furthermore, the regions with lower lattice parameter must have a lower lattice distortion so that
the Bragg peaks from these regions are more prominent at high Q. Thus a qualitative explanation
of the variation in apparent lattice parameter is that the samples consist of some well crystallized
regions with a smaller lattice parameter and low lattice distortion and some poorly crystallized
region with a larger lattice parameter and higher lattice distortion. The apparent lattice parameter
from lower order peaks would reflect an average over both types of region whereas the lattice
parameter for the higher order peaks would only reflect the well crystallized regions.

The constructed model therefore consists of a normalised distribution of lattice parameters, g(a),
with a mean value of a. To demonstrate the peak shift, we have made some reasonable, but not
unique choices. For instance, for the choice of functional form for g(a), we have adopted a right-
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Figure 1. (a) Effective structure factor (defined as the azimuthally averaged intensity relative to that of the 10 mg/mL sample
with no external field) with dashed lines indicating the theoretical peak positions for a lattice parameter chosen to agree

with the (100) peak and (b) corresponding plot of the normalised lattice parameter vs h2 + k2 + hk for 100 mg/mL decane

dispersion of 530 nm long PFS63-b-PI1424 micelles. (c) Plot of the average percentage discrepancy1 vs micelle length, for all
samples showing crystalline peaks.

angled triangular distribution. The lattice distortion parameters, ∆r and ∆t, were assumed to be
proportional to the lattice parameters, raised to a power, p:

∆r =
(a
a

)p
∆r0 (2)

The distribution of lattice parameters and corresponding behaviour of ∆r are shown in Figures
4a The mean structure factor was then calculated by taking an average over the distribution of the
lattice parameters:

1100×
(
a(210) − a(100)

a(210)

)
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Figure 2. Plot of effective structure factor vs Q from the SAXS results of the: 350, 640, 700, 1160 and 2130 nm long PFS53-

b-PI637 micelles at 100 mg/mL. The effective structure factor is defined as in Figure 1. Adapted from [7].

S(Q) =

∫
g(a)SH(Q, a,∆r,∆t) da (3)

where SH(Q, a,∆r,∆t) is the structure factor for a two-dimensional hexagonal paracrystal [34–
37] with lattice parameter a and distortion parameters ∆r and ∆t. The full model is presented
in the supporting information. Again, the choice of structure factor is seen as reasonable but not
unique. This model was used to fit the data and representative results are shown in Figure 4b.
Although there are some discrepancies around the intensities and peak shapes, it is clear that the
peaks are being shifted in the correct directions by approximately the correct amounts.

3.2 Characterisation of Hexagonal Phase

Given the experimental observations outlined above, the question arises as to the nature of the
translational order of this phase. Although the presence and positions of the Bragg peaks imply a
crystalline hexagonal symmetry, the apparent distribution of lattice parameters, lack of long range
positional order and comparatively low viscosity (flow observed in capillaries) clearly suggest that
the phase cannot be perfectly crystalline. For this reason, a hexatic phase has been considered.
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symbols represent the nematic phase. Adapted from [7].

a b

Figure 4. Plot of effective structure factor vs Q from the 530 nm PFS63-b-PI1424 micelles at 100 mg/mL. The dashed line

shows the Hosemann 2D hexagonal paracrystalline model with a distortion parameter (Eqs. 2 and 3), fitted to the experimental
data.

A hexatic phase is defined by the presence of strong 6-fold orientational order but only short-
range translational order due to the presence of defects, this is discussed further in section 3.3.
Hexatic phases have previously been observed in lyotropic systems of amphiphilic molecules [30]
and suspensions of rod-like virus particles [31] and in each case could be readily identified by the
shape of the scattered intensity peaks. Whereas in conventional liquids or nematic liquid crystalline
phases, the positional correlations decay exponentially with distance, leading to Lorenztian-type
peak shapes, the coupling between bond orientational and positional orders in the hexatic phase
give rise to square-root Lorentzian peak shapes.[38, 39] Fitting the intensity profiles along Qz for
the (100) peaks using a Pearson type VII function of the form:

I(Q) =
I0(

α [ξ {Q−Q0}]2 + 1
)κ (4)
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a b

c d

Figure 5. Azimuthally averaged intensity profile for the first peaks of the (a) 640 nm and (b) 1160 nm PFS53-b-PI637 micelles.

The solid lines represent fits according to Eq. 4. The data have been normalised and a linear background subtracted. Also

shown are the corresponding scattering patterns for the (c) 640 nm and (d) 1160 nm samples at a concentration of 100 mg/mL.

where:

α =
21/κ − 1

π2
and ξ =

2π

FWHM
,

it is possible to determine the type of peak shape. The expression reduces to a Gaussian distri-
bution for κ = −∞, a Lorentzian for κ = 1 and a square root Lorentzian for κ = 1/2. In order to
account for the instrumental and beam resolutions, it is necessary to convolute Eq. 4 with a Gaus-
sian distribution of fixed width (estimated from the collagen calibration samples to have a FWHM
of 6.62×10−4 Å). A linear background subtraction and normalization have also been carried out for
comparison purposes. Representative results for the 640 nm and 1160 nm PFS53-b-PI637 micelles
are shown in Figure 5a and 5b respectively.

The difference in peak shape between the nematic (50 mg/mL) and hexagonal (100 mg/mL)
phases is stark. The 50 mg/mL peak is broad and approximately Lorentzian in character (κ640 =
2.4±0.9, κ1160 = 1.8±1.0) as expected from the liquid-like ordering in a nematic. The 100 mg/mL
peaks are noticeably narrower with more prominent tails and are very good fits for the square-root
Lorentzian distribution (κ640 = 0.5± 0.1, κ1160 = 0.5± 0.09).

It can be seen from Figures 5c and d that the micelles are aligned along the axis of the capillaries,
likely due to the geometrical boundary conditions imposed during the phase transition (i.e. on
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at half maximum) were determined using non-linear regression fits to Eq. 4 convoluted with a Gaussian of fixed width. The

dashed lines show a Q2 dependence as predicted by paracrystalline theory and the envelope serves as a guide for the eye.

evaporation of the solvent). Although the scattering is not from a single macroscopic monodomain,
the preferred orientation of the hexagonal domains emphasises the positional correlations from the
radial inter-micelle spacing and minimises orientational averaging effects.

The peak shapes and peak widths may of course be affected by the size of the ordered domains,
whereby smaller crystallites give rise to broader peaks. However, the Scherrer formula for crystallite
size peak-broadening predicts an equal contribution for every peak:

∆Q =
5.57

L
(5)

where: L is the crystallite size and ∆Q the full width at half maximum (FWHM). It can be
observed from Figure 6 that the intrinsic widths increase rapidly with Q, which cannot be accounted
for by the Scherrer formula. In addition, Figure 5 demonstrates that the tails of the Bragg peaks are
substantially more pronounced than those of the resolution function, which is also not expected for
crystallite size broadening. It is therefore clear that crystallite size is not a significant contribution
to the peak widths.

Eq. 4 was also used to determine the widths of higher order peaks in the hexagonal phases and
it was observed (Figure 6) that the peak widths increase rapidly with Q. This feature is typical
of short-range translational order. For instance, the paracrystalline theory predicts a peak width
proportional to Q2.[40] This is consistent with the experimental results, as can be seen by the
shaded envelope in (Figure 6), however it was not possible to establish the exact dependence due
to the magnitude of the uncertainties. Nevertheless, this result confirms that the correlation of
the micelle positions is not truly long-range, as it would be in a hexagonal crystal, but has short-
range translational order (SRTO) and long-range orientational order as is characteristic of a hexatic
phase. A similar analysis could not be performed for the PFS63-b-PI1424 samples as the peak widths
were essentially equal to the instrumental resolution (Figure 3).

In order to establish whether the SRTO hexagonal phase represents a true minimum in the free
energy of the system (i.e. whether it exists at thermodynamic equilibrium) the original samples
were allowed to age in sealed capillaries at room temperature over the course of four years and were
then remeasured using SAXS. Representative results are shown in Figure 7. It can be seen that in
the intervening period an annealing process has taken place that has not only dramatically reduced
the discrepancies but has formed macroscopic domains at least as large as the dimensions of the
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Figure 7. Scattering pattern (left) and effective structure factor (right) from self-seeded, 75 mg/mL PFS53-b-PI637 micelle

dispersion aged for four years.

X-ray beam (200 µm x 200 µm). The results for other samples were very similar and, although
monodomains were not always visible, the average discrepancy was reduced from 3% to 0.5%. It
was not possible to conduct a meaningful peak-shape or peak-width analysis, as the widths of the
peaks were below the resolution of the detector, but the results do strongly suggest the appearance
of long-range translational order.

The changes that occur when the concentration is increased to a maximum, on complete removal
the solvent, were also examined. In this case, the capillaries containing the micelle solution were
not sealed and the solvent was allowed to evaporate slowly in ambient conditions. The results,
shown in Figure S5, demonstrate that the packing remains approximately hexagonal, however
the peaks are much broader and less well-defined than in well-solvated micelle solutions. This is
ascribed to the collapse of the amorphous polyisoprene corona interfering with the otherwise regular
hexagonal packing of the micelles. As it was not possible to determine the precise concentration
with any degree of accuracy and little is known about how poorly-solvated polyisoprene chains will
aggregate under these conditions, it is difficult to draw any more concrete conclusions. However,
it was found that when resolvated, the samples slowly returns to a more well-ordered hexagonal
phase. This confirms that the structure and integrity of the micelles is not affected by the solvent
concentration.

3.3 Comparison With ‘Canonical’ Hexatic Phase

The first theoretical predictions of a hexatic phase exhibiting short-range translational order but
quasi long-range orientational order with sixfold symmetry were proposed to address the problem
of melting in two dimensions. The theory proposed a phase transition mediated by the unbinding of
topological defects, such as dislocations, resulting in an exponential decay in the translational order
parameter but only an algebraic decay in the orientational order parameter.[41, 42] The theory
behind hexatic phases was subsequently extended to explain the behaviour of three-dimensional,
stacked liquid crystal phases, whereby the weak interaction between adjacent layers may stabilise
the long-range two-dimensional orientational order within each layer.[43] This behaviour was ob-
served in various thermotropic liquid crystal systems [44, 45] and has also been theoretically pre-
dicted for rod-like mesogens.[46] Furthermore, a continuous analogue to the stacked hexatic phase
known as a ‘line hexatic’ has also been observed in liquid crystals composed of DNA fragments.[29]

Although they also exhibit long range orientational order with sixfold symmetry and short-range
translational order, there are a number of key differences between the block copolymer micelles
presented in this work and the cannonical hexatic systems outlined above. As with stacked or line
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Figure 8. Classical interpretations of separated groups of mesogens in (a) a hexagonal crystal and (b) a hexatic phase. In (a)

all mesogens occupy sites on the triangular lattice and therefore exhibit both long range translational as well as orientational

order. In (b), although the distant groups of mesogens share the same order and orientation relative to some fixed axis, they
do not occupy sites on the same lattice, giving rise to long range orientational but only short range translational order. Figure

adapted from [47].

hexatic phases, systems of hexagonally packed micelles are three-dimensional, however due to the
inherent flexibility of the micelles, the resulting topological defects are very different. A typical
defect in a stacked hexatic is shown in Figure 8; the occupation of lattice sites varies between
A and B, however the size and orientation of the unit cell remains the same. Such defects are
equilibrium features of the structure, not frozen in defects that could be removed by annealing.
In the case of cylindrical micelles, it is proposed that defects arise due to their inherent flexibility.
As the concentration is increased, micelles will begin to cluster into a hexagonally-packed region,
however, the same (or some of the same) micelles may condense into another hexagonal region but
not necessarily in the same order. That is, a single micelle may occupy two different lattice points
at different positions along its length and between these points there will be a poorly ordered region
(Figure 9). The ultimate lowest energy configuration (i.e. at zero temperature) would be for all of
the rods to be straight and parallel to minimise the bending energy, however at finite temperatures
there will be an equilibrium population of crossover defects as outlined above. It is worth noting,
that this behaviour is not the same as would occur in a line hexatic, where any plane drawn parallel
to the local director would exhibit identical 2D hexatic order with no twisting of the mesogens.

We postulate that the initial rapid evaporation of the volatile solvent gives rise to a significant
number of crossover defects in the system. As can be seen in Figure 9 these crossovers result in a
range of different environments within the structure: some regions will be dense and well-ordered,
others will be poorly ordered and consequently less dense, this in turn yields the distribution of
lattice parameters introduced in section 3.1. With subsequent annealing over time, the number of
defects decreases and the well-ordered regions dominate to form the larger monodomains seen in
Figure 7. Furthermore, it is known that longer rods require less energy for a given bending angle
than shorter ones. One would therefore expect more defects resulting in higher discrepancies and
weaker higher-order Bragg peaks for longer micelles. This behaviour can be observed in Figures 1c
and 2.

In summary, it is clear that the micelles do not form a stacked hexatic phase in the classical
sense. Instead, they form an imperfect hexagonal phase which results from the rapid condensation
of flexible rods. This is a transitional arrangement rather than a phase in equilibrium and the
translational order improves with annealing as the flexible cylinders rearrange to minimise their
bending energy and optimise the inter-micelle interactions. Ultimately, the imperfect phase anneals
towards a normal 2D hexagonal phase with long range translational order and some isolated defects.
In the case of the sample shown in Figure 7, this situation appears to be achieved, at least as far
as can be probed with the current experimental resolution. In terms of symmetry, this phase is
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Figure 9. Schematic showing possible packing defects for flexible micelles in solution. (a) Shows both bending and intertwining

defects, (b) exhibits only bending defects and (c) shows perfect hexagonal packing (i.e. no defects). As the samples anneal, the
number of defects decreases resulting in smaller lattice parameters with narrower distributions.

similar to the conventional disordered columnar hexagonal Colhd, typically formed from stacks of
discrete disc-shaped molecules. However, Colhd phases composed of discs, form their equilibrium
structure rapidly due to the possibility of breaking and reforming columns. In the case of continuous
flexible micelles, this is not possible and the micelles are required to diffuse into their equilibrium
configuration without breaking.

4. Conclusions

Small-angle X-ray scattering experiments on micellar solutions of block-copolymer micelles have
revealed an, as yet unreported, hexagonal phase at high concentrations. The phase is characterised
above all by a discrepancy in the positions of the first order Bragg peak with respect to the
lower order peaks. Furthermore, an analysis of the peak shapes and peak widths shows that the
translational order is not truly long-range. Both of these features can be accounted for if the sample
is composed of regions with densely-packed well-crystallised material and regions of less dense,
poorly-crystallised material. By including a distribution of lattice parameters as well as lattice
distortion parameters based on Hosemann’s theory of paracrystals in a model for the scattering from
a two-dimensional hexagonal lattice, it was possible to accurately recreate the observed features.

The long-range six-fold orientational order coupled with the short-range orientational order de-
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scribed by the data are highly reminiscent of hexatic ordering. As the samples are composed of
continuous flexible cylinders and the phase in question anneals over time, it was considered un-
likely to be a hexatic phase in line with canonical descriptions. Instead, it is postulated that the
characteristic features occur as a result of defects caused by individual micelles bending and in-
tertwining in a hexagonal lattice. Not only would these types of defects account for the observed
range of lattice parameters, they would also be expected to anneal as the system converges on its
equilibrium configuration at a finite temperature.

Although the postulated model describes the X-ray results, it would be highly desirable to observe
these defects directly and follow their evolution with time. This will be the subject of future work
using tomography techniques. Further exploration of this model would enhance our understanding
of how systems of flexible rods interact at high concentration but also, with particular relevance to
the fields of biomimetics and hierarchical self-assembly, to be able to tune such interactions using
chemical functionalisation.
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