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decomposition in liquid crystal—solvent mixturesy
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Phase separation in mixtures forming liquid crystal (LC) phases is an important yet under-appreciated
phenomenon that can drastically influence the behaviour of a multi-component LC. Here we
demonstrate, using polarising microscopy with active cooling as well as differential scanning calorimetry,
that the phase diagram for mixtures of the LC-forming compound 4’-n-pentylbiphenyl-4-carbonitrile
(5CB) with ethanol is surprisingly complex. Binary mixtures reveal a broad miscibility gap that leads to
phase separation between two distinct isotropic phases via spinodal decomposition or nucleation and
growth. On further cooling the nematic phase enters on the 5CB-rich side, adding to the complexity.
Significantly, water contamination dramatically raises the temperature range of the miscibility gap,
bringing up the critical temperature for spinodal decomposition from ~ 2 °C for the anhydrous case to
>50 °C if just 3 vol% water is added to the ethanol. We support the experiments with a theoretical
treatment that qualitatively reproduces the phase diagrams as well as the transition dynamics, with and
without water. Our study highlights the impact of phase separation in LC-forming mixtures, spanning
from equilibrium coexistence of multiple liquid phases to non-equilibrium effects due to persistent

rsc.li/soft-matter-journal spatial concentration gradients.

1 Introduction

Many aspects of research in liquid crystals (LCs)—liquids of
anisotropic molecules (mesogens) that spontaneously develop
long-range order in molecular orientation—and essentially all
commercial applications, utilise mixtures containing multiple
components. Even basic consequences of this mixing, like
equilibrium phase separation, are frequently overlooked. An
exception is the phase separation which occurs in the context of
polymer-dispersed liquid crystals (PDLCs), as it is this phenom-
enon that induces the heterogeneous structure characteristic of
PDLCs." Phase separation in LC-polymer mixtures has thus been
thoroughly studied, experimentally”* and theoretically.”

For LC mixtures of exclusively low molar mass components
the situation is different. It is not uncommon to see reports of a
single clearing temperature of multicomponent mixtures such
as E7, which develops the nematic LC phase (exhibiting no
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Kyoto 606-8502, Japan. E-mail: araki.takeaki.5a@kyoto-u.ac.jp
1 Electronic supplementary information (ESI) available: DSC data and analysis
for 5CB-anhydrous ethanol and 5CB-aqueous ethanol mixtures, detailed heating
and cooling analysis and fast-forwarded POM movies of significant 5CB-ethanol
mixtures. See DOI: 10.1039/c9sm00921c
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long-range order beyond the orientational one). This neglects
the extension of the first-order nematic-isotropic transition
over a significant temperature range, within which the two
phases coexist in equilibrium. Even less attention is given to
the fact that the compositions of the two coexisting phases can
be very different, and that spatial concentration gradients
induced by phase separation remain for long times. The
consequences are significant, not least if functional molecules
such as a chiral dopant, reactive monomer, photoinitiator or
dye are part of the mixture.

When working with mixtures it is therefore generally
advisable to avoid first-order transitions and the resulting
phase separation. This may not be possible, however, for instance
when an LC and an organic solvent are processed together during
microfluidic preparation of multiple emulsions,"*™® printing of
solvent-dissolved LCs,'”*® or in the formation of LC-core filled
polymer fibres.""'*** Since the current trend in soft matter and LC
research to advance flexible and responsive soft devices and
composites renders such procedures popular, solvent-induced
phase separation needs to be considered. In some cases, the phase
separation may be helpful, as in the study of LC-based gels,**
and it might find technical use in applications that take advantage
of the behavior of LCs with incorporated isotropic droplets.>

Here we establish the phase diagram of, arguably, the most
studied mesogenic compound, 4’-n-pentylbiphenyl-4-carbonitrile
(5CB), and the equally common solvent ethanol, finding a much
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richer phase diagram than anticipated. We identify a large mis-
cibility gap that causes two distinct isotropic phases with different
compositions to coexist. The phase separation takes place via
spinodal decomposition or nucleation and growth, depending
on the mixture composition. (For readers unaccustomed to these
concepts, a summary is provided in the ESI.t) Significantly, a small
fraction of water raises the temperature range of isotropic-
isotropic phase separation by several tens of degrees. This gives
the phase separation strong practical relevance since water may
enter mesogen-solvent mixtures through condensation from
humid air due to cooling as the solvent evaporates. We support
our experimental findings with a theoretical treatment and
numerical simulations that qualitatively reproduce the observed
phase diagrams and the dynamics of the phase transitions, also
with spatial concentration gradients.

To the best of our knowledge, this is the first combined
experimental-theoretical investigation of isotropic-isotropic
phase separation in LC mixtures without a polymer component.
Coincidentally, while our study was on-going, Serrano et al
published the first experimental report describing phase
separation in 5CB-solvent mixtures.*® The solvent in that case
was methanol instead of ethanol, and the authors did not
consider the effect of water added to the mixture. The Serrano
et al. phase diagram was based mainly on macroscopic optical
observation of samples in cuvettes and they also studied an
interesting potential application in extraction of target mole-
cules. Our work is based primarily on polarising microscopy,
placing the emphasis on elucidating the phase diagrams in
detail, with and without water. We pay particular attention to
phenomena where the LC character plays a central role, and we
also consider the important practical consequences that the
phase separation-induced concentration gradients has for LC
research.

2 Results and discussion

The majority of the observations discussed below occur in the
supercooled regime, as the melting point of pure 5CB is 24 °C.
We avoid crystallisation throughout the study and conduct all
experiments on cooling from a fully homogeneous isotropic
state, and on re-heating from a suitable low temperature prior
to any crystallisation occurring. This is motivated by the fact
that 5CB has a very strong tendency for supercooling and that
this thus corresponds to practical work with the mixtures.
Complementing the texture micrographs below, Supporting
Movies SM1-SM8 show the dynamics of all experiments (ESIT).

2.1 5CB in anhydrous ethanol

An overview of all mixture compositions investigated is
provided in Table 1, together with the methods used to study
each composition. Initial screening of macroscopic samples at
room temperature showed that all samples with <75 mol%
5CB are fully isotropic, whereas the sample with 95 mol% 5CB
is predominantly nematic. Isotropic-isotropic phase separation
is not observed to occur at room temperature for any fraction of
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Table 1 Compositions, determined gravimetrically, of mixtures of 5CB
and anhydrous ethanol, together with the techniques used to investigate
each (Macro = macroscopic observation; POM = Polarising Optical Micro-
scopy; DSC = Differential Scanning Calorimetry). An asterisk in the first two
columns signifies that the composition was determined on the sample
used for DSC after the final measurement; no asterisk indicates that the
composition was determined at the point of mixture preparation

Mol% 5CB Mass% 5CB Macro. POM DSCs
9.9 37.3 Y Y N
14.8* 48.5% N N Y
18.6 55.3 N Y Y
27.8% 67.6* N N Y
29.0 68.9 N Y N
30 69.8 Y N N
40 78.3 Y N N
49.2* 84.8* N Y Y
77.2% 94.8* N Y Y
95 99.1 Y Y N

5CB mixed with anhydrous ethanol. To see the separation in
these mixtures, we need to cool them to lower temperatures.
2.1.1 The isotropic-isotropic coexistence on cooling. The
two anhydrous mixtures investigated that show spinodal
decomposition between two compositions of isotropic phase
are those with 18.6 mol% (ESIT SM1) and 29.0 mol% 5CB (ESIT
SM2). In accordance with the phase diagram presented in
Fig. 1, a clear example of isotropic-isotropic phase separation
becomes visible close to —4.7 °C for the 18.6 mol% mixture on
cooling (Fig. 2a-d). As the separation generates a strongly
scattering texture when viewed through the POM with a first-
order A plate inserted (Fig. 2a) or by removing one polariser
(Fig. 2d), the isotropic-isotropic phase separation appears to
take place largely via spinodal decomposition. The character-
istic bicontinuous texture can be seen well in ESIf SM3. We
note, however, that the original isotropic phase persists within
certain areas of the capillary even on cooling further to a
slightly lower temperature (Fig. 2b-d). Moreover, the onset
temperature of phase separation is somewhat lower in the
POM investigation than what the phase diagram in Fig. 1
would suggest; those transition temperatures are established
from Differential Scanning Calorimetry (DSC) data (see ESIT).
Since the temperature control equipment is of high quality
and has been calibrated, we do not believe that this discrepancy
is due to experimental error. Instead, we attribute the ““too low”
transition temperature during POM investigation as well as the
unexpected combination of spinodal decomposition and super-
cooled original phase to significant spatial concentration
gradients that persist within the sample, following phase
separation occurring prior to the POM experiments. The capil-
laries used for these experiments are 100 pm thick, 1 mm wide
and about 3 cm long, hence the sample volume is so large that
removal of concentration gradients by diffusion takes long
time. This means that we have regions in the capillary with
lower 5CB content than 18.6 mol% as well as regions where the
5CB content is higher. Regions with less 5CB retain a uniform
isotropic phase that is stable at lower temperatures, while regions
with higher 5CB content cross the spinodal curve on cooling and
separate into two new isotropic phases. This situation allows
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Fig. 1 Experimental phase diagram for 5CB and anhydrous ethanol, established by a combination of POM (for phase determination; at compositions

indicated with purple vertical lines) and DSC (for transition temperatures;

at compositions indicated by red vertical lines). Three points of special

importance are indicated: (1) the critical point of spinodal decomposition, (2) the eutectic point of the intermediate composition isotropic phase, which is
also the minimum temperature of equilibrium isotropic—isotropic phase coexistence, and (3) the lowest 5CB content possible for 100% nematic phase.

significant supercooling of the original isotropic phase and
explains the discrepancies from the DSC experiments, which were
done using aluminum pans providing better heat conduction and
less spreading-out of the sample.

2.1.2 Nematic-isotropic coexistence on cooling. The 9.9 mol%
5CB mixture (SM4 and Fig. S2, ESIt) does not show isotropic-
isotropic separation, as indicated in Fig. 1. On cooling, the nematic
phase nucleates directly from the homogeneous isotropic phase,
and on subsequent heating the nematic droplets disappear without
any trace of additional isotropic phase. The isotropic phase at
9.9 mol% 5CB is stable down to temperatures below that of the
eutectic point (2) in Fig. 1, which is the lowest temperature at
which isotropic-isotropic separation is possible.

Unlike the simplicity of one nematic and one isotropic
phase in coexistence at 9.9 mol% 5CB, the situation on cooling
the 18.6 mol% and 29 mol% mixtures increases in complexity.
First, for both mixtures one of the new isotropic phases that
previously emerged begins changing into nematic at —7.2 °C.
These droplets become birefringent and develop a typical
nematic schlieren texture (Fig. 2e and f). Once again, the
transition temperature appears too low in the POM experi-
ments, as the minimum temperature of equilibrium isotropic
phase at intermediate composition (the eutectic point, (2))
should be around 0 °C according to Fig. 1. We interpret this
as a sign of the now unstable isotropic phase being supercooled
to temperatures below point (2), allowed until the isotropic-
nematic spinodal transition is met, here thus at —7.2 °C.

6046 | Soft Matter, 2019, 15, 6044-6054

Cooling further we eventually see isotropic droplets nucleate
within large domains of nematic phase (Fig. 2g and h). These tiny
isotropic droplets tend to line up as chains in order to minimise
distortion energy within the surrounding nematic phase.>” Small
nematic domains, in contrast, simply shrink, the isotropic
surrounding growing in prominence. Since the temperature is
now below that of the point labeled (3) in Fig. 1, the nematic phase
must continuously increase its 5CB content on cooling. Small
nematic droplets achieve this easily by exchanging with their
immediate isotropic surrounding, shrinking somewhat in the
process. For larger nematic domains (on the order of several
hundreds of microns wide) the border to the isotropic phase is
too far away, hence many small isotropic droplets with greater
ethanol content nucleate within the nematic domain.

It is important to realise that the isotropic phase of these
tiny droplets dispersed in the nematic domains is identical in
composition to the background isotropic phase, i.e., it is on the
far left side of the coexistence region in the phase diagram. The
spatial separation from the background isotropic phase that we
observe is of purely kinetic origin, resulting from the nucleating
isotropic droplets being trapped within the large nematic phase
domains. If the temperature is held constant, then these
isotropic droplets gradually move to the edge of the domain
where they merge with the surrounding, but this can take
several hours or days.

For mixtures containing fractions of 5CB in anhydrous
ethanol of about 50 mol% (ESIf SM5) or greater—thus the

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 POM images of the 18.6 mol% 5CB mixture in a 100 um thick flat
capillary on cooling from the uniform isotropic phase (see also ESI¥ SM1).
Two new phases emerge via spinodal decomposition at roughly —4.5 °C,
(a). Boundaries between the original and new isotropic phases are visible
through crossed polarisers with first-order 1 plate (pink background),
(b and c), or without polarisers, (d). The nematic phase nucleates from
one of the new isotropic phases between —7.2 °C, (e), and —8.0 °C, (f).
Isotropic droplets in chains nucleate below —4.8 °C, (g) in the nematic
domains, and continually accumulate (—16.5 °C, h). The 20 and 29 mol%
samples show the same features on cooling (see ESI¥). Scale bars: 100 um.

right half of the phase diagram in Fig. 1, encompassing the
ordinary nematic-isotropic phase separation—the nematic
phase nucleates directly from the uniform isotropic phase
(Fig. 3). In the phase diagram we are now to the right of the
eutectic point of the isotropic phase with intermediate compo-
sition, hence the two-phase region we encounter on cooling is
not between two new isotropic phases, but between the original
isotropic phase and the nematic phase.

For the mixture containing 77.2 mol% 5CB (ESIT SM6), the
nematic phase nucleates from the uniform isotropic phase at
roughly 16 °C. As this mixture has more 5CB than the composi-
tion at point 3 in the phase diagram, the cooling experiment
crosses the range in which the nematic is the sole thermo-
dynamically stable phase. According to Fig. 1 this range should
start at about 8 °C, yet a minority isotropic phase still remains
until 5 °C where the full sample becomes nematic. We attribute
this to the concentration gradients that built up during prior
cooling experiments, and non-equilibrium phenomena while

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 POM images of the 49.2 mol% 5CB mixture in a 100 um thick flat
capillary on cooling from uniform isotropic phase, with nematic phase
entering just below 0 °C (see also ESIf SM5). Image (a) was taken at
—0.7 °C. The nematic phase grows in prominence when cooled to
—4.8 °C, (b). At =5.5 °C, (c), the nematic phase fills the capillary almost
entirely. If the sample is cooled to —7.8 °C the 5CB content of the nematic
phase increases and chains of small isotropic droplets nucleate, (d).
Quialitatively, the 77.2 mol% sample exhibits similar features (see ESIt for
details). Pink background is due to a first-order 4 plate inserted. Scale bars:
100 pm.

these are slowly evened out. For the same reason, it is not until
about —11 °C that we see the first isotropic droplets nucleate
within the nematic phase. The lower boundary of the stable
nematic phase range in Fig. 1 for this mixture is higher, about
—5 °C, as established by DSC.

2.1.3 Nematic-isotropic and isotropic-isotropic coexistence
on heating. For the 18.6 mol% sample, upon reheating, the
isotropic phase droplets within large nematic domains start to
disappear as we approach point (3) in the phase diagram
(Fig. 4a). At about —7 °C an isotropic-isotropic phase separa-
tion is observed, as small nematic droplets turn isotropic, yet
remain distinct from the background isotropic phase. This new
isotropic phase is also seen as a ribbon growing around the
large nematic domains (Fig. 4b). The new phase should have
the eutectic composition of point (2), as it is the lowest-
temperature isotropic phase distinct from the isotropic phase
on the left side of the phase coexistence regime.

However, as is frequently observed during the POM investi-
gations, there is again a considerable transition temperature
difference compared to the results seen from the DSC experi-
ments. We consider this another piece of evidence of the
impact of the local concentration gradients established by the
phase separation at low temperatures. These non-equilibrium
phenomena mean that it is very challenging to draw quantita-
tive conclusions regarding transition temperatures from experi-
ments on mixtures in large-scale samples such as capillaries.

As we heat further, the composition of the new isotropic
phase rapidly decreases its 5CB content, moving along the
boundary from (2) to (1) in Fig. 1. Since the overall mixture
composition has only 18.6 mol% 5CB, according to the phase
diagram, we ought to only have the two isotropic phases

Soft Matter, 2019, 15, 6044-6054 | 6047
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Fig. 4 POM images of the 18.6 mol% 5CB mixture in a 100 um thick flat
capillary on heating. Between roughly —6.3 °C and —7.0 °C, (a and b), the
isotropic droplets within the nematic domains disappear and a new
isotropic phase begins replacing the small nematic droplets as well as
making a boundary around the large nematic domains. At —0.7 °C the two
isotropic domains merge, (c), leaving the remaining nematic domains to
clear last, (d). Qualitatively, the 29 mol% sample exhibits the same features
on heating (see ESIf for details). Pink background is due to a first-order 4
plate inserted. Scale bars: 100 pm.

coexisting during this process. Indeed, this is what we saw
earlier when cooling at these temperatures. However, as is
shown in Fig. 4c and d, it is not the case on heating, where
nematic phase remains past the temperature where the two
isotropic phases coalesce to one uniform isotropic phase. The
fact that on heating we see a persistent nematic phase even up
to +10 °C is yet another strong indication of the significant
concentration gradients occurring within the capillary sample.
Some regimes clearly have a much higher 5CB content than the
overall 18.6 mol% for a long time. The isotropic-isotropic
phase coexistence disappears slightly above 0 °C (Fig. 4c), as
the temperature is now in the uniform isotropic phase range for
a large composition range, apparently spanning the gradients
existing within the sample. Similar observations were made for
the 29 mol% 5CB mixture (see ESIT for details).

Notably, the mixtures containing 49.2 mol% and 77.2 mol%
do not show phases coexisting longer than they should upon
heating, like the 18.6 mol% and 29 mol% mixtures do. Since
there is no isotropic-isotropic coexistence to begin with,
the nematic phase, once all the isotropic droplets have dis-
appeared, and as expected from Fig. 1, clears uniformly to a
single isotropic phase.

Of key importance for understanding the origin of the
persistent concentration gradients is the very large width of the
miscibility gap: below —10 °C the nematic phase has more than
80 mol% 5CB while the isotropic has less than 10 mol% 5CB,
regardless of what the overall sample composition is. If the
samples would have been kept for several days at a temperature
where the full sample is isotropic, possibly the concentration
gradients would have been evened out and a behaviour more in
line with the phase diagram (and with the DSC experiments) would
have been observed in the POM investigation of the capillary.
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2.2 The effect of water impurity: 5CB in aqueous ethanol

While bottles of spectroscopic grade anhydrous ethanol having
a purity of >99.8% can be purchased from many distributors, it
is not uncommon to work with 95-97% ethanol, where the
dominant impurity is typically water. It is thus of interest to
investigate whether the phase diagram in Fig. 1 changes
significantly if the ethanol is contaminated with a small frac-
tion of water. For this reason, we also examine several mixtures
of 5CB mixed with a solvent (referred to as “aqueous ethanol”
from this point on) consisting of 96 mass% anhydrous ethanol
and 4 mass% deionized water, corresponding to roughly 97 and
3 vol%, respectively. An overview of these mixture composi-
tions, with the methods used to study each, is shown in Table 2.
We prepare a bulk mixture of this aqueous ethanol rather than
using commercial 97 vol% ethanol, so as to avoid the influence
of other unknown impurities (such as methanol or benzene) on
the phase diagram.

While all mixtures listed in Table 2 examined using the POM
and temperature control stage qualitatively show the same
phase behaviour as the mixtures containing only 5CB and
anhydrous ethanol, a crucial difference concerns the onset
temperatures for isotropic-isotropic phase separation. In con-
trast to the mixtures discussed in Section 2.1.1, mixtures using
aqueous ethanol with a 5CB content in the range 10-20 mol%
show macroscopically visible separation between immiscible
isotropic phases at room temperature, as shown in Fig. 5. The
photos show three mixtures containing 9.6 mol%, 21 mol% and
51 mol% 5CB, respectively, in aqueous ethanol, observed close
to room temperature (~23 °C). The figure demonstrates that
increasing the fraction of 5CB has the effect of raising the
isotropic-isotropic phase separation line towards the concave
meniscus line until a critical concentration of 5CB is met
(based on the approximate phase diagram in Fig. 6, about
43 mol%). At 51 mol% 5CB only one isotropic phase is stable
at room temperature, as evidenced through a macroscopically
uniform transparent liquid with no line below the meniscus to
the air. Aqueous ethanol mixtures containing 77 mol% and
85 mol% 5CB follow the same trend, appearing uniformly
isotropic at room temperature as well.

When observed in capillaries through the POM with a /A plate
inserted, the mixtures with 9.6 mol% and 21 mol% 5CB show
several boundary lines confirming the separation of two iso-
tropic liquid phases (ESIt SM7), even after heating to above the

Table 2 Compositions, determined gravimetrically, of the mixtures of
5CB in aqueous ethanol (97 vol%), together with the techniques used to
investigate each (Macro = macroscopic observation; POM = Polarising
Optical Microscopy; DSC = Differential Scanning Calorimetry)

Mol% 5CB Mass% 5CB Macro. POM DSC
9.6 38 Y N N
11 41 N N Y
21 60 Y Y N
32 73 N N Y
51 86 Y N N
74 94 N N Y
77 95 Y Y N
85 97 Y Y N

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Macroscopic photographs at room temperature of three mixtures
of 5CB with ethanol to which 3 vol% water was added. Isotropic—isotropic
phase separation is seen in the first two vials, with 9.6 mol% 5CB (a), and
21 mol% 5CB (b), respectively. The third vial, containing a 51 mol% 5CB
mixture, has a single isotropic phase. Sketches showing the change in
the isotropic—isotropic separation line relative to the meniscus with air
qualitatively reflect the phase diagram in Fig. 6 as the composition of 5CB
moves from the left side (lower 5CB fraction) to the right side (higher 5CB
fraction). Scale bars: 0.5 cm.
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Fig. 6 Slice of the ternary experimental phase diagram for the 5CB-
ethanol-water system; 3 vol% water is added to anhydrous ethanol to
create a 97 vol% ethanol-water mixture for mixing with 5CB. The same
three points of interest as in Fig. 1 have been highlighted, and DSC and
POM measurement compositions are indicated in the same way.

clearing temperature of pure 5CB (35 °C). In fact, it is only after
the capillary samples are heated to roughly 45 °C that the
coexisting isotropic phases merge to a single phase.

What does the introduction of water mean for the phase
diagram between 5CB and ethanol? For simplicity, in addition
to not varying the pressure of the 5CB-ethanol-water system,
we do not vary the fraction of water added to the mixtures.
Thus, while our revised phase diagram shown in Fig. 6 only
demonstrates a slice of the full ternary diagram, it is enough to
conclude that adding at least 3 vol% of water to the ethanol

This journal is © The Royal Society of Chemistry 2019
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dramatically increases the temperature at which the coexisting
isotropic phases are stable, to the left of the eutectic point
initially seen in Fig. 1. This is confirmed by POM and DSC
investigations of selected mixtures, complementing the macro-
scopic observations in Fig. 5. DSC traces on cooling mixtures of
the same composition as in Fig. 5(a) and (b) clearly reveal a
highly reproducible peak at 44 °C (see ESIt) that signifies the
isotropic-isotropic phase separation, most likely by spinodal
decomposition. The transition to a nematic phase is also raised
compared to the corresponding mixtures with anhydrous
ethanol, two partially overlapping peaks repeatedly being
detected at 9 °C and 7 °C, respectively. We attribute these peaks
to the passing of the eutectic point (2) and the isotropic-
nematic spinodal, respectively. The DSC measurements conform
well with the heating and cooling observations made at the POM
using capillaries containing similar mixture compositions.

As for the mixture in Fig. 5(c), containing 51 mol% 5CB, the
DSC traces indicate that an isotropic-nematic transition occurs
between 14 °C and ~9 °C on cooling. This is in rather good
agreement with the nucleation of nematic seen through the
POM for the 51 mol% aqueous ethanol mixture from ~6 °C.
The significant difference in the DSC traces for this mixture
compared to the two mixtures with less 5CB indicates that this
mixture has a composition to the right of the eutectic point (2),
whereas the former ones are both to the left of that point.

Considering that the ecritical temperature of spinodal
decomposition is far below room temperature for the mixture
with anhydrous ethanol, it is interesting to note that the critical
temperature for isotropic-isotropic phase separation reported
by Serrano et al. for 5CB-methanol mixtures was located at
about 25 °C.%° As methanol has a boiling point about 14 °C
lower than ethanol, it is not obvious why the temperature of
phase separation would be much higher with methanol as
solvent than with ethanol. While Serrano et al. used HPLC
grade methanol, thus taking care not to introduce any water
deliberately, the low boiling point of methanol may perhaps
have led to some evaporation-induced cooling and water
condensation from the air*® during sample preparation, thus
bringing a small amount of water into the mixtures inadver-
tently. Considering the strong effects of water in the ethanol-
5CB system seen by comparing Fig. 1 and 6, this might be a
means of reconciling the large differences in temperature
ranges between our study and that of Serrano et al.

2.3 Theory and simulations

2.3.1 Phase diagram. In order to corroborate the experi-
mental observations theoretically and to better understand the
origin of the strong sensitivity to water contamination, we also
study phase separation in LC-solvent mixtures numerically.” >
First, we consider the free energy of binary mixtures of an
LC-forming (mesogenic) compound and a one-component
solvent.’®*%3*! We employ two order parameters ¢(r,t) and
gy(x,t), which vary in space (r) and time (¢). The parameter ¢
is the volume fraction of the mesogenic component and g is
the orientational order per volume. They are defined with
f(r,u,f), which is the probability distribution of mesogens for
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orientation u and position r, respectively. For the distribution

of orientations at a certain position r, we have:****
o(r, 1) = deuf(r,u, 1), (1)
1
gij(r, 1) = deuf(r,u, 1) (uiuj - 561‘]‘). (2)

Here u is the unit vector along a mesogen, and v is its volume.
The indices 7 and j stand for the spatial coordinates x, y, and z.
The repeated indices are assumed to be summed over. From
eqn (1) and (2), the probability distribution can be expanded

with ¢ and g; as
15 1
+ 54 (r) (u,-u,- - g%‘ﬂ : €)

Knowing f, we obtain the (rescaled) entropy from the trans-
lational and rotational degrees of freedom of mesogens as:

P s = —Jerduf(r, winpfrw -1}, ()

Flea) = Lo

where we for simplicity have set the Boltzmann constant to
unity. By substituting eqn (3) into eqn (4) and integrating it over
u with the isotropic approximation, we can describe & 50 as @
functional of ¢ and g;; as,

1 a b c
S meso A2 *;jd" {Qs In¢ + %qij%i - 3752(]5;‘%'1\'1110' + W(‘]Wﬁ)z )
(5)

where the numerical constants are calculated as a = 15/2,
b =225/14, ¢ = 1125/28.%° Then, the total entropy % is given by

3@:ymw—ékm1—¢nm1—¢) (6)

The second term of the right hand side in eqn (6) represents
the translational entropy of the solvent molecule, whose
volume is v/,

The energy & is also given by a functional of ¢ and g; as

£ —= %J.dr [qu(l -¢)— %%‘f%‘i
)
+

e

(V) + %(quz/)2+W(Vt¢V/flii) ;

where J represents the isotropic part of the interaction energy
between the mesogens and solvent molecules, and ¢ is the aniso-
tropic part of the interaction between the mesogens. The remaining
terms represent the energy costs due to the gradients of ¢ and gj.
Their coefficients are estimated by K = p*?, L = ev®® and W = ev®”.
These three terms are related to the interfacial tension, the elasticity
of the nematic phase and the anchoring effect of the director field
(describing the orientational order) on the interfaces, respectively.
The free energy is given by

F=6—-TS. (8)

The concentration field and the nematic order parameter
are determined to minimise . at each temperature 7. We note
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that ¢ is a conserved variable, while g;; is not. When two phases

(1 and 2) coexist, their concentrations and nematic order
parameters are determined by the following conditions.

57 57
3¢ Y , (©)
$=¢1,9=4 d=¢2.9=4>
SF SF
S = 5_ =0 (10)
Dilp=grg=a1 U1 ¢=ps.9=0>

In a pure mesogenic system (¢ = 1), this free energy is
consistent with the Landau-de Gennes free energy. Thus, the
isotropic-nematic transition temperature Ty is given by
&

.
™= w0

(11)
If the concentration is homogeneous, the isotropic-nematic
transition temperature is given by a function of ¢ as,

TIN(d)) = TI?\I¢- (12)

When the nematic order is zero, on the other hand, eqn (8)
reproduces the Flory-Huggins type free energy, describing
the isotropic-isotropic phase separation. Its critical point is

given by
g =1/(1+V/Y), (13)
T. = 2J(1/ﬁ+ 1/ﬁ>72. (14)

Also, the spinodal temperature T, for the isotropic-isotropic
phase separation is given as a function of ¢ by

2J
1/(¢v) +1/[(1 = p)v]

In our model, only two parameters (J and v/r’) determine
the shape of the phase diagram. In other words, we can obtain
the phase diagram if we know the critical point (¢,T).

Fig. 7 shows a typical phase diagram of a binary mixture

Tsp(d)) =

(15)

containing the mesogenic component. It is obtained solving
eqn (9) and (10) numerically. Here we set T./T{x = 0.8 and
$e =0.39 (J/IT(x = 1.06 and v/v' = 2.5) (black curves). Note that,
in order to improve the comparison with the experimentally
established phase diagrams, the horizontal axis represents the
molar fraction ¢ = (¢/v)/[d/lv + (1 — ¢)/], not the volume
fraction ¢.

The calculated phase diagram is similar with the experi-
mental results. Around ¢ =~ ¢, the coexistence of the two
isotropic liquids can be observed. This isotropic-isotropic
coexistence is due to the isotropic part J of the interaction
energy between the two components. When the average con-
centration is large enough, on the other hand, an isotropic
phase coexists with a nematic phase. The latter coexistence is
realised by the nematic ordering. In Fig. 7, we also explore
changing T, with fixing ¢. T./Tix = 0.9 (red curves) and T./Ti\ =
1.05 (blue curves). The phase diagram can be tuned with these
two parameters.

This journal is © The Royal Society of Chemistry 2019
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1.1 T T T T T T T T
| — T./TX =08
1F — T./TX =09 i
I — T./T% =1.05

Fig. 7 Theoretical phase diagram for the LC-solvent mixtures. The
horizontal axis represents the molar fraction ¢ = (¢p/V)/[p/v + (1 — $)v']
of the mesogenic compound. The critical point for the isotropic—isotropic
phase separation is tuned between the three curves: To/T{ = 0.8 (black),
T/ T = 0.9 (red) and T/T& = 1.05 (blue), respectively. The spinodal curve
for the isotropic—isotropic phase separation (egn (15)) is shown for all
cases, and the isotropic—nematic transition temperature without prior
phase separation (eqn (12)) is shown for To/T% = 0.8.

2.3.2 Dynamic equations. Next we describe the time develop-
ments of the two order parameters.”**™® Instead of g;{(r), we
consider the nematic order per molecule Q(r) = g;(r)/¢(r) in
numerical simulations. Their dynamic equations are given by

D Dy

—¢=—"Vu+0 16

0 =7V Ht, (16)
D

D (17)

0 = Qi — K30 + %Hij + B + &y
where D/Dt(= 0/0t + v-V) is the Lagrange time derivative with
the hydrodynamic flow v. The chemical potential is given by
u = 0F/6¢ and Hy = —[6F/6Q; — (0.7 /0Qw)010;/3] is the
molecular field. The parameters xj; and «j; are the symmetric
and asymmetric parts of the velocity gradient tensor V,y;
respectively, and D and y are the diffusion constant and the
rotational viscosity of the mesogenic component, respectively.
Finally, f is the so-called flow-alignment parameter and 6 and
¢y represent the thermal noises for ¢ and Q, respectively.””
We ignore the off-diagonal kinetic coefficients for simplicity
in this study.
The hydrodynamic equation is given by,

—¢V i+ Vi(QuHy — HaQy) + QuViHy — BVH; — Vp + Vv =0
(18)

Here p is the pressure, which is imposed to satisfy the incom-
pressible condition Vv = 0, and # is the viscosity.”

We numerically solve eqn (16)-(18) with explicit Euler
schemes and MAC method.”* The space and time are scaled
by d(=v"") and t,(=d*/D). The time increment is At = 0.005t,,.
We set y = n = 0.27/(Dd) and f = 0.1 in this work. The
simulations are carried out in a two dimensional lattice
(1024 x 256) with periodic boundary condition.

This journal is © The Royal Society of Chemistry 2019
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¢ 0.0 M 1.0

Fig. 8 Simulated pattern evolution of the concentration field ¢ during the
phase separation under a concentration gradient. The mesogen-solvent
mixture corresponds to the black curve in Fig. 7 (T/TS = 0.8). The
quenched temperature is /T = 0.65.

2.3.3 Numerical results. Fig. 8 shows snapshots from the
evolution of the concentration, whereas the corresponding
pictures of the nematic field Q,, are shown in Fig. 9. The
quenched temperature is TJ/T = 0.8, which corresponds to
the black curve in Fig. 7. In order to consider the phase
separation under a concentration gradient,*® we prepared an
inhomogeneous concentration field as an initial condition. The
initial concentration at the two boundaries of the x-direction
(x/d = 1 and 1024) is ¢ = 0.2, and that at the centre (x/d = 512
and 513) is set to ¢ = 0.8. In the other regions, the concen-
tration field changes linearly with x. Along the y-direction, the
initial concentration field is uniform. In Fig. 8 and 9, only half
of the system is shown (1 < x/d < 512).

It is shown that the phase separation occurs hetero-
geneously, and a variety of domain patterns are observed.
At t = 0, we quench the system to T./TS = 0.65. After the
quenching, interestingly, phase separation starts around
mesogen-rich and mesogen-poor regions. In contrast to the
situation without initial concentration gradient, phase separa-
tion proceeds slowly around ¢ = 0.5. This behavior reflects the
distance between the quenched temperature and the phase
separation temperature at each concentration. In the mesogen-
rich region, the isotropic-nematic transition occurs prior to the
phase separation. This nematic ordering induces the nuclea-
tion of mesogen-poor domains. We can see a sharp boundary
between the phase separated and mixed regions.
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t/tog =0

Qzy —0.25 I

Fig. 9 Simulated pattern evolution of the xy-component of the nematic
order parameter Q,, during phase separation under a concentration
gradient. The mixture is the same as in Fig. 8.

B 0.25

On the other hand, the isotropic-isotropic spinodal decom-
position occurs in the mesogen-poor region. In a usual phase
separation, the isotropic-isotropic spinodal decomposition
leads to a bicontinuous pattern. In this mixture, however, the
mesogen-rich domains are formed after the spinodal decom-
position, since the phase diagram is asymmetric due to the
value of v/v(>1). After the isotropic-isotropic phase separation,
the nematic ordering occurs in the mesogen-rich droplets. As a
result, mesogen-rich and mesogen-poor domains are observed
simultaneously in the system.

As noted above, the phase separation proceeds slowly
around the symmetric concentration. Here bicontinuous
patterns are formed. It is known that the bicontinuous domain
pattern grows with time more quickly than the droplets
pattern, because the hydrodynamic flow enhances the domain
growth.>** In the late stage, the domain patterns around the
symmetric region can be larger than those around the asym-
metric regions.

2.3.4 Phase separation in ternary mixtures. Finally, we
discuss the phase behavior in ternary mixtures (mesogenic
compound, solvent A and solvent B).*'™** Their volume frac-
tions are written by ¢, ¢ and ¢y, which satisfy ¢ + ¢ + ¢p = 1.
In the ternary mixture, the entropy (eqn (6)) is replaced by

1 1
S = Smeso — Jdr |:_¢A In (/)A + _¢B In d)B ) (19)
VA VB

6052 | Soft Matter, 2019, 15, 6044-6054

View Article Online

Paper

where v, and vg are the volumes of the two solvent molecules.
Also, the isotropic part of the interaction energy (the first
term in the right hand side of eqn (7)) is replaced by

JO(1 — @) = Jadpda + Juddp + Japdhads,

where J,, Jg and Jap represents the interaction energies for the
three pairs among the mesogenic compound and the two
solvents (A and B).

It is known that the behaviours in the ternary mixture are
quite complex, even if all the phases are isotropic. If the affinity
between the two solvents is sufficiently good, the ternary
mixture can be treated as a pseudo-binary mixture, in which
the two solvents behave as a mixed solvent. By expressing ¢,
and ¢g as ¢, = (1 — ¢)(1 — ¥) and ¢y = (1 — @)y, a single liquid
approximation*"** leads to an effective interaction energy

Jege =Ja + (Js — JaW + Jas¥(1 — V), (21)

where  is the fraction of solvent B in the mixed solvent
(¥ = ¢pl(pa + ¢p)). In the single liquid approximation, v is
assumed to be constant in space.

Although we have not calculated the exact phase diagram of
the ternary mixture, we can understand why a small amount of
the third liquid (i.e. water in the experiments) changes the
phase diagram so drastically. In the experiments, we have not
confirmed stable coexistence of three phases, so ethanol and
water behave as a co-solvent for 5CB. It is considered that
water is a poorer solvent for 5CB in comparison with ethanol
(Jwater > Jethanol)- Thus, the addition of water enlarges the
effective interaction J.¢ and the mixed solvent becomes poorer
for 5CB. As shown in Fig. 7, even a small increase in J will lead
to a large shift in the phase diagram. When we use J/T{x = 1.06,
Je/T = 2.46 and Jas = 0, the black, red and blue curves
correspond to ¥ = 0, 0.1 and 0.25, respectively.

(20)

3 Conclusions and outlook

Our detailed experimental and theoretical investigation of
mixtures containing 5CB and ethanol, with and without a small
amount of water added, underscores just how complex LC
phase diagrams can be when more than one component is
involved. Considering the enormous amounts of published
reports utilising 5CB as mesogen, and the ubiquitous use of
ethanol as organic solvent, it is surprising that the isotropic-
isotropic phase separation has not previously been reported for
this mixture combination. This is likely due to the low tem-
perature range in which the phenomenon occurs for the binary
mixture, requiring cooling to well below room temperature.
Because the nematic phase eventually develops at yet lower
temperature, the resulting phase diagram is richer than most
studied systems exhibiting liquid-liquid phase separation via
spinodal decomposition. This may stimulate future investiga-
tions, for instance focusing on the role of the elastic energy of
nematic nuclei in delaying phase transitions.

The dramatic increase in temperature range of the isotropic-
isotropic miscibility gap as a small amount of water is added is

This journal is © The Royal Society of Chemistry 2019
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remarkable. As only a slice of the ternary 5CB-ethanol-water phase
diagram was presented here, there is much room for future studies
providing a more complete picture. Our theoretical treatment
provides a first attempt at explaining the sensitivity to the
co-solvent as a result of the different affinity for the solute. We
anticipate to find similar complexities occurring also for other
solvent combinations. Possibly, a suitable way forward for hand-
ling the large parameter space when multiple solvents and meso-
gens are considered, may be to combine experimental data with
predictive or machine learning algorithms to establish approxi-
mate phase diagrams for a variety of relevant LC-solvent
compositions.

The discovery that water has such strong impact also has
practical implications, since the phase separation with just
3 vol% water occurs at and even well above room temperature.
Diluted ethanol or ethanol with a few percent of undeclared
contaminants is commonly employed as solvent by experimen-
talists from various fields. Even if anhydrous solvents are
utilised when preparing solutions, exposure to humid air will
rapidly lead to water entering the solution, as a result of
condensation due to ethanol evaporation-induced cooling.?®
Therefore, anomalies or difficulties encountered when attempt-
ing to mix polymer solutions or solvent mixtures with LCs may
be the consequence of coexisting phases forming in solutions
without researchers realising.

A particularly interesting case to further investigate is that of
coaxial fibres with 5CB core produced by electrospinning from
a single solution of 5CB, polymer and different types of alcohol
solvents.?®** While the outcome has been explained as a result
of in situ phase separation, the reason for this has not been fully
elucidated. If the origin is the miscibility gap of 5CB and
alcohol solvents, then this may explain why recent attempts
to produce liquid crystal elastomer core-polymer sheath fibres
using reactive mesogens with a chemical structure distinctly
different from 5CB (the mesogen contained no cyano group)
failed to produce a continuous core that could be separated
from the supporting sheath."* There are thus good reasons to
establish phase diagrams also of other mesogens in different
solvents, possibly also with co-solvents present. The phase
separation phenomenon does not require that the mesogen
itself is mixed with the solvent, but it may occur due to
contact with polymer solutions, for instance during coaxial
electrospinning.'®*>¢

Finally, another interesting challenge lies in identifying the
ideal techniques for investigating these issues experimentally.
While our study provides ample visible evidence of the various
phase separation and phase transition phenomena, the fre-
quent difficulties to reconcile transition temperatures with
those detected in DSC investigations—in some cases with
repeatability problems even in DSC—highlights the severe
impact that spatial concentration gradients induced by the
phase separation has on experiments. One approach to
minimise these effects may be to strongly compartmentalise
samples used for POM investigations or to include magnetic
microparticles that can be used to mechanically stir the mixture
within the test cell using an external magnetic field. We can
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conclude from our study that standard LC test cells with sample
extensions on the order of centimetres otherwise do not allow
homogenisation of the mixture even after days of annealing in
case of prior phase separation. This situation should be con-
sidered for any experiments on LC mixtures in such test cells,
as a first-order transition such as melting or clearing will lead
to concentration gradients, which may or may not be signifi-
cant depending on the phase diagram.

4 Experimental

Sample preparation procedures are described in detail in the
ESLt

4.1 Materials

5CB was acquired from two sources: Synthon Chemicals GmbH
Co. and Yantai Xianhua Chem-Tech. Co. Ltd. The pure compound
from both companies share a similar nematic to isotropic clearing
point between 35.7 °C and 35.8 °C. Anhydrous ethanol was
purchased from Merck KGaA (“ethanol for molecular biology”,
purity >99.8 vol% by GC, item #: 1.08543.0250). A 40 mL aliquot
was stored under molecular sieves (size 4 A, VWR Chemicals),
which had been dried in an oven overnight at 70 °C before use. The
aqueous ethanol mixture was based on this anhydrous ethanol,
adding 4 mass% deionised water (conductivity: ~0.055 puS).

4.2 POM investigation procedure

Mixtures were filled into square cross section glass capillaries
(CM Scientific Ltd) for POM examination, one at a time. The
capillaries were placed in a Linkam TMS120E temperature control
stage with Peltier cooling, regulated by a Linkam T95PE controller.
The stage was mounted onto an Olympus BX51 microscope
equipped with a Canon EOS 760D digital camera for video capture
(1920 x 1080 resolution, 25 frames per second). The samples were
observed in transmission between crossed polarisers, with and
without a first-order 4 (530 nm) plate inserted, as well as without
polarisers, using 4x to 20x objectives.

4.3 DSC measurements

Calorimetric measurements were performed with a DSC823e from
Mettler-Toledo. The calibration of temperature and heat flow was
done with indium and water. The masses of the samples examined
by calorimetry ranged between 4 and 8 mg. Samples were filled
into aluminum pans closed with a lid (volume: 40 pL; weight:
about 50 mg). Tightness of crucibles was checked by weighing
before and after the DSC measurements.
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