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Liquid crystalline self-assembly of mixtures of
rod- and wedge-shaped MIDA boronates†

Christopher Schilling,a Soeren M. Bauch, a Eugen Wuckert,a Anna Zens, a

Johanna R. Bruckner b and Sabine Laschat *a

Rod-like MIDA boronates form smectic mesophases, while wedge-shaped MIDA boronates self-assemble

into columnar mesophases. However, the phase behavior of mixtures is less understood. In order to obtain

further insight on the molecular self-assembly of MIDA boronate mixtures two series of binary mixtures of

rod-like and wedge-shaped mesogens were prepared. The phase behavior was studied using differential

scanning calorimetry (DSC), polarizing optical microscopy (POM) and X-ray diffraction (XRD). The study

revealed a strong dependency of the mesophase structure on the mesogen composition. Usage of a less

bulky columnar mesogen suppressed the formation of columnar mesophases in the mixture and led to a

decrease in melting and clearing temperatures. The phase behavior is discussed in terms of the packing

parameter model typically applied for lyotropic liquid crystals.

Introduction

Liquid crystalline mixtures of rod-like mesogens are very
important for applications such as liquid crystal
displays (LCDs). This is due to the fact that the temperature
range and phase stability of the mixture is significantly
expanded as compared to the single components.
Moreover, in such mixtures physical properties such as viscos-
ity, optical refractive indices, elastic constants, electric
permittivities etc. can be efficiently tailored in a desired
fashion.1 Mixtures of rod-like mesogens can also lead to new
mesophase types, which were not observed in the pure com-
pounds as was recently reported by Mandle for the splay
nematic phase NS.2

Also for other functional liquid crystals the importance
of mixtures to obtain new properties has been highlighted.3–7

On the one hand, mixtures of discotic liquid crystals have
been examined in several theoretical studies.8–36 Most recently
Sambritzki investigated binary mixtures of discotic liquid crys-
tals differing in their molecular thickness by molecular
dynamics (MD) simulations.37 Various experimental studies
on discotic mixtures have been performed, dealing for example

with bent-core mesogens38–41 forming columnar banana
phases, chiral dopants forming chiral nematic discotic N�D
phases in discotic host materials,42–45 donor–acceptor systems
consisting of electron-rich discotic molecules and non-
mesogenic electron acceptors such as trinitrofluorenone
(TNF).46–49 In addition, mixtures of structurally closely related
discotic compounds were also studied with respect to phase
behaviour, electric conductivity or magnetic properties.50–60 On
the other hand, mixtures of rod- and disk-shaped molecules,61

rod- and rod-shaped molecules62 and ILC compounds63 were
much less explored.

Previous work by us has shown that the N-methyl-
iminodiacetic acid (MIDA) boronate unit is a strongly beneficial
mesophase promoter both from a fundamental point of
view64–66 but also for applications such as electrooptical
birefringence (Kerr effect).67 This is due to the high polarity
of the MIDA unit (m = 7.6 D) as compared to boronic acids
(m = 2.8 D) and borolanes (m = 1.4 D), resulting in a prono-
unced tendency to form polar subdomains within the
mesophase.64,68–70 Depending on the structure of the (hetero)-
aryl core and the number of alkoxy side chains, the phase
type and stability of the corresponding rod-like or wedge-
shaped MIDA boronates was controlled,64–66 i.e., rod-like
MIDA boronates formed lamellar smectic A (SmA) phases
while wedge-shaped derivatives formed columnar hexagonal
(Colh) phases (Scheme 1). With respect to mixtures between
these components we were curious whether the rod-like or
the wedge-shaped MIDA boronate would control the self-
assembly of the mixture. The results towards this goal are
reported below.
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Results and discussion

For a better overview and sake of clarity the following nomen-
clature will be used for the mixtures: the first series of mixtures
consisting of MIDA boronates 1 and 2 carrying 1 and 2 dodecyloxy
side chains respectively will be abbreviated 1/2 [X1] with the molar
fraction X1 of 1. The second series of mixtures consisting of MIDA
boronates 1 and 3 carrying 1 and 3 dodecyloxy side chains
respectively will be abbreviated 1/3 [X1] with the molar fraction
X1 of 1.

Mixtures with molar fractions of X1 = 0.2, 0.4, 0.5, 0.6, 0.8
were prepared initially and studied by polarizing optical micro-
scopy (POM), differential scanning calorimetry (DSC) regarding
their phase behaviour. Selected mixtures were investigated by
X-ray diffraction (XRD) to assign the phase structure. The
results were compared with the known behaviour of the pure
MIDA compounds 1, 2 and 3 respectively.64

First the series 1/2 [X1] with the molar fraction X1 of 1
was examined by POM. The pure mono-substituted boronate
1 (1/2 [1.0]), displayed at 180 1C upon cooling from the isotropic
phase large areas of homeotropic alignment with a few Maltese
cross defects, which are characteristic for a SmA phase (Fig. 1a)
as reported earlier.64 For the pure disubstituted MIDA boronate
2 (1/2 [0.0]), fan-shaped textures were observed (Fig. 1g) in
agreement with the previously assigned Colh phase for this
MIDA boronate 2. Upon increasing the amount of bis-
dodecyloxy MIDA boronate 2 the tendency towards homeotro-
pic alignment decreased with decreasing molar fraction of the
mono-dodecyloxy MIDA boronate 1. Textures changed from
Maltese crosses and fan textures (e.g. Fig. 1b for X1 = 0.8) to
uncharacteristic textures for X1 = 0.2 (Fig. 1f). For all studied
mixtures 1/2 [X1] with X1 = 0.8–0.2 textures were easily shearable
and highly fluid, suggesting smectic phases with low order were
favoured as compared to columnar phase.71

Scheme 1 Overview of preliminary work on rod-like and wedge-shaped MIDA boronates.64

Fig. 1 POM textures of mixture series 1/2 [X1] with molar fractions X1 = (a)
1.0 (180 1C), (b) 0.8 (125 1C), (c) 0.6 (128 1C), (d) 0.5 (124 1C), (e) 0.4 (120 1C),
(f) 0.2 (123 1C), (g) 0.0 (160 1C). Taken during cooling from the isotropic
liquid (cooling rate 5 K min�1).
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Next the series 1/3 [X1] with the molar fraction X1 of 1
was examined by POM (Fig. 2). For the pure tri-substituted
MIDA boronate 3 (1/3 [0.0]), large fan-shaped textures were
visible under the POM (Fig. 2g), which are characteristic
for columnar phases in agreement with recent work.64 The
mixtures 1/3 [X1] with X1 = 0.8 and X1 = 0.6 were easily shearable
and possessed a high fluidity in analogy to the 1/2 [X1] mixtures
of the other series. In contrast, 1/3 [X1] mixtures with
X1 = 0.5–0.2 displayed a much higher viscosity as compared
to the mixtures with higher molar fractions (X1 = 0.6–0.8).
In comparison with the pure trisubstituted MIDA compound
3 (1/3 [0.0]), mixtures 1/3 [X1] with X1 = 0.5–0.2 showed a lower
viscosity and better shearability.

In order to assign the phase transition temperatures and
enthalpies differential scanning calorimetry (DSC) experiments
were performed. All DSC data of mixtures 1/2 [X1] are shown in
Fig. S3 (ESI†) and are summarized in Table S3 (ESI†). The DSC
curves of exemplary mixtures 1/2 [0.15], 1/2 [0.4] and 1/2 [0.5]
are shown in Fig. 3. In the DSC curve of 1/2 [0.5] weak
endothermal melting and clearing transitions at 55 1C and

145 1C, respectively, are visible (Fig. 3a). In the cooling cycle the
isotropic to mesophase transition appeared at 146 1C, while no
crystallization could be observed. Instead, slow vitrification of
the sample occurred upon cooling in agreement with the
DSC results reported for the MIDA boronates 1, 2 and 364

Fig. 2 POM textures of mixture series 1/3 [X1] with molar fractions X1 = (a)
1.0 (180 1C), (b) 0.8 (121 1C), (c) 0.6 (82 1C), (d) 0.5 (119 1C), (e) 0.4 (120 1C),
(f) 0.2 (125 1C), (g) 0.0 (82 1C). Taken during cooling from the isotropic
liquid (cooling rate 5 K min�1).

Fig. 3 DSC traces of 1/2 [X1] mixture series: (a) 1/2 [0.5], (b) 1/2 [0.4] and
(c) 1/2 [0.15] (2nd heating (bottom) and 2nd cooling (top) cycle, heating/
cooling rate 10 K min�1).
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and Pyr(n)MIDA66 (for details of the molecular structure, see
Fig. S1, ESI†). The DSC curves of 1/2 [0.4] (Fig. 3b) displayed
endothermal melting and clearing at 57 1C and 134 1C upon
heating, and in the cooling cycle the exothermal phase transi-
tions appeared at 136 1C and 72 1C. In comparison with the
pure mono- and bis-substituted MIDA boronates 1 (1/2 [1.0]),
and 2 (1/2 [0.0]), melting and clearing transitions decreased
considerably for the mixtures 1/2 [X1] with X1 = 0.5, 0.4. A phase
diagram summarizes the results of the various mixtures 1/2 [X1]
(Fig. 4a). When comparing the whole series of mixtures 1/2 [X1]
with X1 = 0.8–0.2 with the pure compounds 1 (1/2 [1.0]), and
2 (1/2 [0.0]), clearing transitions decreased with decreasing X1,
i.e., decreasing amount of 1 from 194 1C (X1 = 1.0) until the
minimum value 137 1C for X1 = 0.4 and then increased again up
to 169 1C for X1 = 0.0. On the other hand, melting transitions of
the mixtures (X1 = 0.8–0.2) were significantly lower as compared
to the values for the pure compounds 1 (1/2 [1.0]) and
2 (1/2 [0.0]), but for all mixtures (X1 = 0.8–0.2) the melting
transitions remained relatively constant around 54–62 1C irre-
spective of the molar fraction.

While initial POM investigation of the 1/2 [X1] mixtures
suggested solely the presence of a SmA phase based on home-
otropic alignment, bâtonnets and focal-conic fan texture
(Fig. 2b–f), we were curious about the transition between the
SmA and the Colh phases which has to occur somewhere
between X1 = 0 and 0.2. Due to the symmetry change from
DNh symmetry with only one-dimensional long-range transla-
tional order in the SmA phase to the p6/mmm symmetry in the
Colh phase, the phase transition has to be of first order
according to Landau theory.72 Thus, a biphasic region is
necessary to occur between the two phases. Therefore, the
mixtures 1/2 [X1] with X1 = 0.15, 0.2 and 0.25 were examined
more closely by DSC and POM. The DSC curve of mixture
1/2 [0.15] displayed an endothermal melting transition at
54 1C, a very weak mesophase to mesophase transition at
96 1C and a weak clearing transition at 125 1C in the heating
cycle (Fig. 3c). In the cooling cycle the isotropic to mesophase
transition occurred at 131 1C, the mesophase to mesophase
transition at 104 1C and the crystallization at 60 1C, respectively.
The change of the texture was also visible by POM upon cooling
(Fig. S6a–c, ESI†) supporting the presence of Colh and SmA
phases at higher and lower temperatures, respectively. At high
temperatures the typical fan texture73 of the Colh phase prevails
(Fig. S6a, ESI†) which turns into a less distinct, grainy texture at
lower temperatures (Fig. S6c, ESI†). The latter uncharacteristic
texture is associated with the uncommon rearrangement of the
mesogens from the columnar to the lamellar structure of the
SmA phase. Indeed, a biphasic region is observed in between
the two phases, as predicted by symmetry arguments, in which
the fan texture is spotted with darker patches (Fig. S6b, ESI†).
DSC curves of 1/2 [0.20] (Fig. S3b, ESI†) again suggested the
presence of both SmA and Colh phases. However, the transition
was too weak to be analysed from the heating cycle, and thus
could only be determined from the cooling cycle, which leaves
some doubts whether or not the Colh phase at this composition
is enantiotropic or only monotropic. In contrast, in the mixture

1/2 [0.25] the higher temperature mesophase totally disap-
peared (Fig. S6d, ESI†). Complementary POM studies showed
Maltese crosses and homeotropic alignment (Fig. S6d, ESI†)
suggesting that in this mixture only an enantiotropic SmA
phase prevails. The phase diagram constructed from this data
is shown in Fig. 4a. The presence of biphasic regions was
neglected in the diagram due to their narrow temperature
ranges and the associated difficulties in determining them.

Next, the mixtures 1/3 [X1] were investigated. All DSC data of
1/3 [X1] are shown in Fig. S4 (ESI†) and summarized in Table S4
(ESI†). The DSC curve of mixture of 1/3 [0.6] displayed an
endothermal melting transition at 45 1C and an endothermal
clearing transition at 96 1C upon heating, while the corres-
ponding exothermal transition appeared at 102 1C and 55 1C in
the cooling cycle (Fig. 5a). As the POM texture showed Maltese
crosses with homeotropic alignment (Fig. 2a–c), an

Fig. 4 Phase diagram of the binary systems (a) 1/2 [X1] and (b) 1/3 [X1]
from DSC measurements (2nd heating cycle; rate 10 K min�1; red: SmA
phase; blue: Colh phase; grey: crystalline; crosshatched grey: not investi-
gated, but added for enhanced comparability; note that the SmA to Colh
transition temperatures of X1 = 0.2 in (a) and X1 = 0.5 and 0.45 in (b) were
determined from the 2nd cooling cycle).

Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
0/

28
/2

02
5 

2:
50

:2
5 

A
M

. 
 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01132e


This journal is © The Royal Society of Chemistry 2025 Soft Matter, 2025, 21, 1545–1554 |  1549

enantiotropic SmA phase was assigned. On the other hand, for
the mixture 1/3 [0.4] melting and clearing transitions at 39 1C
and 142 1C were both visible in the heating and cooling cycle
(47 1C, 143 1C) (Fig. 5b). For this mixture the POM fan-like
textures (Fig. 2e) strongly suggested a Colh phase. In order to
characterise the SmA to Colh transition of the phase diagram
shown in Fig. 4b, 1/3 [X1] mixtures with X1 = 0.55, 0.5 and 0.45
were examined additionally. For 1/3 [0.55] a single enantiotro-
pic mesophase was detected (Fig. S6f, ESI†), which was

assigned as a SmA phase based on the Maltese cross textures
and homeotropic alignment observed by POM. In the DSC
curve of 1/3 [0.45] a weak endothermal melting at 37 1C and a
clearing transition at 126 1C were detected together with an
extremely small hump which hints at the existence of two
enantiotropic mesophases, but is too small to evaluate (Fig. 5c).

Upon subsequent cooling a small isotropic to mesophase
transition at 130 1C, a weak exothermal mesophase to meso-
phase transition at 61 1C and a weak exothermal crystallization
peak at 53 1C were detected. By POM fan-shaped textures at
100 1C indicated the presence of the Colh phase as a higher
temperature phase (Fig. S6e, ESI†) and the SmA phase as lower
temperature phase. Likewise, the DSC curve of the mixture
1/3 [0.5] displayed a lower temperature SmA phase and a higher
temperature Colh phase (Fig. S4d, ESI†). Whether or not the
Colh phase in these two mixtures is monotropic or if the
transition enthalpy is just extremely small could not be fully
elucidated at this point.

While Fig. 4a demonstrated the strong influence of the rod-
like mesogen 1 on the phase type and the temperature-
modulating effect of 2 in the 1/2 [X1] series, Fig. 4b revealed a
much more pronounced effect of the wedge-shaped mesogen 3
on both phase type and transition temperatures in the 1/3 [X1]
mixtures. Upon increasing the amount of trisubstituted MIDA
boronate 3 a decrease of melting and particularly clearing
temperatures were observed for 1/3 [0.8] and 1/3 [0.6] resulting
in a decrease of the stability and temperature range of the SmA
phase from 75 K (X1 = 1.0) to 31 K (X1 = 0.55) phase widths
(Fig. S5, ESI†). Upon further increasing the amount of wedge-
shaped mesogen 3 in the mixture, the SmA phase was disfa-
voured against the Colh phase. Both mesophases were present
for X1 = 0.5, 0.45 until X1 = 0.4, where the SmA phase completely
disappeared and only the Colh phase remained. Regarding
clearing transitions of the Colh phase, increasing the relative
amount of 3 (i.e., decrease of X1) resulted in increasing clearing
temperatures with a maximum at X1 = 0.4 and then decrease
until X1 = 0 (pure wedge-shaped mesogen 3). Similarly, to the
1/2 [X1] series, melting points were relatively little affected by
the change of X1.

It appears that the additional side chain of 3 in comparison
with 2 introduces a stronger effect on the molecular self-
assembly. Whereas in the 1/2 [X1] system a high amount of 2
of up to X1 = 0.25 only resulted in the formation of a smectic
layer structure rather than the formation of a columnar struc-
ture, while the 1/3 [X1] system showed a columnar phase at
molar X1 fractions as high as X1 = 0.5. This may be rationalized
by the increasing steric demand of 3 in comparison to 2
resulting in larger effective wedge size and increased space
filling favouring columnar over layered phase structures.

For selected mixtures of both series X-ray diffraction experi-
ments (WAXS, SAXS) were carried out. The equimolar mixture
1/2 [0.5] displayed a sharp small angle reflection at 36.0 Å,
which was assigned as the (001) layer reflection of the SmA
phase and a broad halo in the wide angle region around 4.8 Å
caused by the liquid-like order of the flexible side chains
(Fig. 6a, b and Table S5, ESI†). Temperature-dependent XRD

Fig. 5 Exemplary DSC traces of 1/3 [X1] mixture series: (a) 1/3 [0.6],
(b) 1/3 [0.4] (c) 1/3 [0.45] and (2nd heating (bottom) and 2nd cooling
(top) cycle, heating/cooling rate 10 K min�1).
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measurements of the layer reflection showed a decrease of the d
values with increasing temperature, which is characteristic for
the SmA phase.74

Upon comparison of temperature-dependent layer distances
of the mixture 1/2 [0.5] and the pure mono-substituted MIDA

boronate 1 surprisingly the d values of 1/2 [0.5] increased much
stronger with decreasing temperature as compared to the pure
compound 1, i.e., the slope was 4 times larger as compared to
the former case (Fig. 6c). This result might be rationalized by
the different layer structures in the mixture vs. pure MIDA
boronate. The smectic layer of pure 1 already possesses a high
degree of order, which increases only slightly upon cooling and
thus the d value also increases only slightly. In contrast, the
mixture 1/2 [0.5] presumably possesses a lower order parameter
close to the clearing temperature, resulting in a strong increase
of the d value due to the strong increase of the order parameter
upon cooling. Due to the observed thermal decomposition for
all kind of different MIDA boronates,64–66 the temperature
dependent XRD measurements of 1/2 [0.5] were only conducted
at temperatures closer to the melting point, since the set of data
points was considered sufficient to determine the phase order
of the lamellar phase, i.e., SmA or SmC.

Presumably within the smectic layers a statistic distribution
of both components 1 and 2 seems to be reasonable. From the
temperature-dependent layer distance the reduced layer dis-
tance dred = 32.5 Å was obtained by extrapolation at the reduced
temperature Tred.74 For MIDA boronates 1 and 2 the molecular
lengths were calculated to 24.3 Å and 24.4 Å respectively via the
Avogadro software (Version Avogadro 1.2.0) using an Universal
Force Drive (OFF) for geometry optimization.75 In analogy to
the known pyridine and pyrimidine MIDA boronates
Pyr(n)MIDA, Pym(n)MIDA66 and phenylester MIDA derivatives
Ph(n)EsterMIDA65 (for details, see Scheme S1, ESI†) the
reduced layer distance dred is larger than the molecular length
Lcalc and much smaller than the twofold molecular lengths
2 Lcalc, i.e., 2 Lcalc o dred 4 Lcalc, which can be explained by a
smectic bilayer arrangement with interdigitated side chains
(Fig. 7).

To confirm the correct assignment of both phases in the 1/2
phase diagram, the mixture 1/2 [0.15] was studied by SAXS and
WAXS at 120 1C in the Colh phase and at 85 1C in the SmA phase
(Fig. S7, ESI†). Both diffraction patterns look rather similar,
again featuring one sharp scattering maximum in the small-
angle region and a broad halo in the wide-angle region.

Fig. 6 (a) XRD results of 1/2 [X1] mixtures; (a) WAXS profile of X1 = 0.5 at
108 1C and corresponding 2D patterns of the SAXS (left image, at 91 1C)
and WAXS measurement (left image, at 108 1C); (b) temperature depen-
dent layer spacing of X1 = 0.5; (c) comparison of temperature dependent
layer spacing of the mixture of X1 = 0.5 with X1 = 1.0, i.e., the neat 1.

Fig. 7 Proposed packing model of the mixture series 1/2 [X1] with
calculated reduced layer spacing dred and molecular lengths.
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Unfortunately, elongating the measurement time did not lead
to the appearance of further reflexes. However, by plotting the
small-angle scattering maxima vs. the azimuthal angle w
(Fig. S8, ESI†), several individual maxima turn up in the
scattering experiment obtained at 120 1C. Measuring the angle
between these maxima reveals that they originate from two
differently aligned domains with hexagonal symmetry, since
the angle between maxima belonging together amounts to
approximately 601 (Table S6, ESI†). Cooling down to 85 1C leads
to the emergence of two strong scattering peaks at w = 0 and
180 1C as typically found for aligned layered structures, with the
other maxima present at higher temperature dwindling down
to soft undulations. These findings strongly suggest that the
assignment of phases in the 1/2 system, i.e., the Colh phase at
high temperatures and the SmA phase at low temperatures, is
correct.

XRD experiments at 117 1C of the equimolar mixture
1/3 [0.5] showed a sharp reflection at 32.4 Å in the SAXS and
a broad halo around 4.8 Å in the wide-angle section (Fig. 8 and
Table 1). Further scattering patterns of the mixtures 1/3 [X1]

with X1 = 0.45, 0.55 are shown in Fig. S10 and S12 (ESI†).
Extensive efforts were conducted to obtain aligned samples in
order to clarify the phase geometry. However, attempts to
prepare aligned samples by fiber extrusion, alignment in a
magnetic field and slow cooling from the isotopic phase failed
to result in monodomain samples. Nevertheless, when plotting
the small-angle diffraction pattern of X1 = 0.45 at 100 1C vs. the
azimuthal angle w (Fig. S11, ESI†), a multitude of clear-cut
scattering maxima emerges, some of which may be attributed
to individual hexagonal domains (Table S7, ESI†). By cooling
down to 57 1C the peaks become less distinct and even vanish
in some cases, but still reflect a multi-domain alignment. In
total, evidence from XRD experiments for the correct assign-
ment of the Colh phase at high temperatures and the SmA
phase at low temperatures is weaker for the 1/3 mixtures than
the 1/2 mixtures, but considering the structural similarities of
the molecules, characteristic textures observed by POM, the
high viscosity and low shearability which hints at the presence
of a more ordered phase, as compared to the rather fluid SmA
phase, the assignment seems more than likely. Thus, the
distinct reflection at higher temperatures was assigned as
(001) reflection of a Colh phase.

For the molecular mass the median of the masses from 1
and 3 were taken and the number Z of molecules per unit cell
was calculated according to the procedure described in ref. 76
Thus, a Colh (p6mm) phase with lattice parameter a = 37.3 Å and
Z = 6 was calculated (Table 1) for the equimolar mixture
1/3 [0.5]. When comparing these values with the known lattice
parameters of 364 (Colh (p6mm) at 70 1C, a = 36.3 Å, halo 4.7 Å,
Z = 4), the optimum space filling can be obtained for the
mixture 1/3 [0.5] if 3 rod-like MIDA boronates 1 and 3 wedge-
shaped MIDA boronates 3 co-assemble in a supramolecular
disc, i.e., a slice through the columnar aggregate, which has a
slightly larger diameter (i.e., a value) than the corresponding
disk consisting of only 4 wedge-shaped molecules 3 (Table 1).
These results correlate well with a recent study by Williams on
the coexistence of folded and unfolded shape-incompatible,
conformers of discotic dimers resulting in modest perturba-
tions of the phase behaviour.77–79 Moreover, Shimizu reported
for triphenylens with attached peripheral alkoxyazobenzenes
calamitic discotic mesomorphism and a dynamic change of
molecular conformation generating a variation of the liquid
crystalline phases.80

Fig. 8 (a) SAXS profile of 1/3 [0.5] at 107 1C and corresponding 2D
pattern; (b) WAXS profile of 1/3 [0.5] at 117 1C and corresponding 2D
pattern.

Table 1 X-ray diffraction data for neat MIDA boronates 2, 3 and binary
mixture 1/3 [0.5]. The measurements were performed during cooling from
the isotropic liquid phase. The halo was determined from WAXS. Data for 2
and 3 was taken from ref. 64

Compound Mesophase a/Å dexp/Å Miller indices Z

1/3 [0.5] Colh at 117 1C a = 37.3 32.4 (001) 6
4.8 Halo

2 Colh at 120 1C a = 37.7 32.6 (001) 5
16.3 (002)

4.1 Halo
3 Colh at 70 1C a = 36.3 31.5 (001) 4

4.7 Halo
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By studying the phase behaviour of two different series of
binary mixtures containing mono-dodecyloxy-substituted MIDA
boronates 1 and either bis-dodecyloxy-substituted MIDA boro-
nates 2, i.e., 1/2 [X1] or tri-dodecyloxy-substituted MIDA boro-
nates 3, i.e., 1/3 [X1], we obtained new insights into the liquid
crystalline self-assembly of mixtures of rod-like and wedge-
shaped mesogens. The results revealed that contrary to the
common observation that shape incompatible mesogens often
phase separate quite readily unless they are covalently linked
(e.g. in dendritic molecules ternary block-copolymers, rod-coil
molecules, polyphilic low molecular weight block molecules,
amphiphiles81,82 and disc-rod mesogens83,84) rods and wedges
were fully miscible at all concentrations. Presumably, the highly
polar boronate groups interact strongly via dipole–dipole interac-
tions, which overcomes the tendency to separate.85 This would be
in good agreement with our previous experimental oberservation
that related mesogens with less polar ‘‘head goups’’, such as
boronates, pinacol borolanes, or iminoboronates, do not self-
assemble into mesophases regardless of the number and lengths
of the alkoxy side chains at the aryl units.64 Thus, most likely due
to the polar MIDA head groups the boronates tend to aggregate in
layers or columns, forming a polar sublayer or polar core, in order
to avoid charge separation.

A second important finding of our study is that in 1/2 [X1]
mixtures the monosubsituted boronate 1 drives the phase
behaviour leading to the SmA phase dominating the phase
diagram, while in 1/3 [X1] mixtures both boronates 1 and 3
contribute, which results in a well-balanced proportion of the
SmA and the Colh phase. This finding agrees well with studies
by Tschierske et al.86 who investigated mixtures of amphiphilic
N-benzoyl-1-amino-1-deoxy-D-glucitol derivatives with one, two
or three aliphatic chains as well as by Finkelmann et al.87–89

who studied lyotropic liquid crystals composed of amphiphile
mixtures with one or two hydrophobic or hydrophilic chains.
Both groups discuss their results in terms of the average
molecular geometry and the packing parameter model by
Israelachvili.90 Thus, it seems reasonable to apply the same
approach and draw analogies with mixed lyotropic systems.
The model, which we adjusted to our thermotropic case,
defines the packing parameter P as

P ¼ Vc

a0 � lc
(1)

with Vc the volume of the apolar hydrocarbon chain, lc the
length of the apolar hydrocarbon chain and a0 the cross-section
of the boronate ‘‘head group’’. It predicts that spherical aggre-
gates are formed for P r 1/3, cylindrical aggregates evolve for 1/
3 o P o 1/2, bilayers predominate for P E 1/2 and inverse
aggregates, i.e., with the boronate moiety in the centre of the
aggregate, occur for P 4 1/2 with reversed order of aggregates.
Considering that both a0 and lc are untouched by changing the
number of dodecyloxy chains of the investigated mesogens, the
only decisive factor is the increase of Vc with increasing
number of chains. Consequently, the packing parameter P
should be the smallest for the mesogen 1, intermediate for 2
and largest for 3, which reveals that the boronate moieties

point to the centre of the columnar aggregates in the Colh

phase. Combining the experimental results with the packing
parameter model gives P E 1/2 for the rod-shaped 1 and 1/2 o
P o 2/3 for the wedge-shaped 2 and 3, with P being closer to 1/2
for 2 and closer to 2/3 for 3. Thus, even a small perturbation of
the Colh phase of 2 by diluting with the rod shaped 1 in it
should push the system towards the SmA phase. In contrast, 3
favors the Colh phase due to optimal space filling and reaches
the cross over point to the SmA phase only at higher loading of
the rod-shaped mesogen 1.

In addition, these considerations may explain the rather
uncommon phase sequence of the Colh phase at high tempera-
tures and the SmA phase at lower temperatures, which is
typically observed in reversed order due to the dimensionality
of long-range order in the two mesophases. Increasing the
temperature will lead to more thermal fluctuations of the
dodecyloxy chains, which results in an increase of its volume
Vc. Hence, the packing parameter is shifted to larger values at
higher temperature, favouring the formation of inverse colum-
nar aggregates over bilayers.

Conclusion

In order to understand the phase behaviour of mixtures of rod-
and wedge-shaped MIDA boronates two binary series were
prepared, which differed in the number and relative amount
of dodecyloxy side chains. According to POM, DSC and XRD
studies of the mixtures, rods and wedges were fully miscible at
all concentrations due to the strong dipole–dipole interactions
of the MIDA headgroups. The observed preference of either
SmA or Colh phase could be rationalized by the chain volume Vc

in agreement with the packing parameter model adapted from
lyotropic liquid crystals. Future work needs to demonstrate,
whether the design principle to control liquid crystalline self-
assembly presented in this study can be transferred to other
mixtures of rod- and wedge-shaped mesogens forming supra-
molecular liquid crystals as well and if the analogies to the
formation of lyotropic liquid crystal phases hold true.

Data availability

The data supporting this article have been included in the main
manuscript and as part of the ESI.†

Conflicts of interest

The authors declare no competing interest.

Acknowledgements

Generous financial support by the Ministerium für Wissenschaft,
Forschung und Kunst des Landes Baden-Württemberg, the
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