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We report on the effect of reduced-graphene oxide nanosheets decorated by CoPt nanopar-
ticles on the Blue Phase range of a chiral liquid crystal. By means of high-resolution ac
calorimetry and polarizing optical microscopy it is demonstrated that a small concentration
of these nanosheets induces the stabilization of a single blue phase structure in comparison
to three blue phases existing in the pure compound. The results are compared with other
liquid crystal-dispersed graphene studies and, moreover, a short theoretical discussion of

the stabilization effect is included.
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I. INTRODUCTION

Blue phases (BPs) constitute a fascinating class of liquid-crystalline structures appearing in
a short temperature range between the Isotropic (I) and the chiral Nematic (N*) phases!. Al-
though there were present among the premier observation of liquid-crystalline states of cholesteryl
acetate?, they were brought into attention of research community several decades later>*. Three
blue phases, namely blue phase III (BPIII), blue phase II (BPII) and blue phase I (BPI) upon
decreasing temperature, were observed in several chiral compounds®~’ and the first phase dia-
grams were drawn as a function of chirality strength®. Their thermodynamic stability was proven
by Thoen’ in terms of adiabatic scanning calorimetry measurements, clearly identifying dis-
tinct anomalies for phase transitions I-BPIII, BPIII-BPII, BPII-BPI and BPI-N* for cholesteryl
nonanoate. The critical behavior as a function of chirality was also explored!%!! and, finally, an
elaborate temperature-chirality phase diagram was experimentally derived!?, demonstrating the
existence of a critical point for the I-BPIII transition at strong chiralities and a triple point where
all three BPs coexist. Following meticulous theoretical work presented evidense that the I-BPIII
transition belongs to the three-dimensional Ising universality class, based on mean-field as well as

scaling analysis of available thermal and optical experimental data'>.

By the late 90s the thermodynamic stability of BPs was confirmed in short temperature intervals
(ranging typically from 1 K to 3 K between the I and the N* phases) for several liquid-crystalline
compounds. Soon after there was born the idea of using the cubic structures of BPs with lattice pe-
riodicity in the range of visible light as tunable photonic crystals'*!1>. At the same time, an emerg-
ing need appeared to increase the temperature stability range of BPs in order to boost their potential

for applications. The strategies of polymer stabilization'®!7 2021

and chiral doping were among the
first used. Wide-range, supercooled or polymer-stabilized BPs were also reported!-?>-2*. Several
studies addressed the electro-optical properties (Kerr constant, driving voltage, response time) of
polymer-stablized BPs, exploring their potential towards optical displays!®!°. In the last ten years
various types of nanoparticles have been also tested experimentally as stabilizing agents for BPs.

These nanoparticles have either spherical cores composed of Au, CdSe, ZnS, Ni25-32

or anisotropic
laponite, graphene/graphene oxide and MoS; ones®*—37. Additional studies have focused on the
thorough understanding of the BP structures in pure compounds as well as their stabilization under

the presence of guest components and confinement38-43.

Here we report on the effect of reduced-graphene oxide nanosheets decorated with CoPt
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nanoparticles on the BP range of the chiral liquid crystal 4-(2-methyl butyl) phenyl 4-n-octylbiphenyl-
4-carboxylate (CE8). Graphene oxide nanosheets coated with oleyl amine chains (without CoPt)
of same concentration and size were dispersed in CES in one of our previous studies on BPs**, pro-
moting mostly the stabilization of BPI with respect to the pure compound. Henceforth, it will be
explored how the modified surface chemistry of reduced-graphene oxide affects the blue phase sta-
bilization. It has been reported that the dispersion of a small amount of graphene nanosheets in BPs
significantly improves the driving voltage, without any noticeable degradation of other electro-
optical properties**. Hence, the deeper understanding of the role of surface-functionalization on
the trapping of nanosheets in the disclination lines of BPs is essential. Moreover, the CoPt nanopar-
ticles add multi-functionality to the final soft nanocomposite by hybridizing the LC properties with
ferromagnetism. In a recent study it is shown that such CoPt-decorated, reduced-graphene oxide

nanosheets assemble between the smectic layers of CE8*®.

II. MATERIALS AND METHODS

The high-purity ferroelectric liquid-crystalline compound CE8 has been purchased from Merck
and used without any further treatment. The reduced-graphene oxide nanosheets have been syn-
thesized in NCSR “Demokritos” (Greece). The actual difference between reduced-graphene oxide
(r-GO) and graphene oxide (GO) lies in the reduced presence of oxygen functional groups in the
former. Pristine GO is synthesized using a modified Staudenmaier’s method*®. The synthesis of
CoPt-decorated r-GO nanocomposite is carried out following a liquid phase methodology simi-
lar to the one described in Ref.*’. Briefly, GO is dispersed in oleyl amine and sonicated by the
drop-wise addition of Co(acac); and Pt(acac); solution in octadecane/oleyl amine. Note that the r-
GO nanosheets serve as nucleation centers for the in-situ growth of bimetallic CoPt nanoparticles.
The reaction mixture is then removed from sonication and heated up to 590 K for 1 h in nitrogen
ambient. Afterwards, the products are separated by centrifugation and washed by a 1/1 ethanol-
hexane mixture in order to remove excess organic solvents and reaction by-products. Finally, the
CoPt-decorated r-GO nanosheets are stored in toluene. Preliminary characterization, by means
of X-ray diffraction and transmission electron microscopy, yields a maximum of 30 wt % cover-
age of r-GO with CoPt nanoparticles, and an average size from 5 nm to 7 nm for the latter. The
presence of CoPt results in enhanced r-GO surface-functionalization with oleyl amine and slightly

larger average nanosheet thickness. Oleyl amine-based functionalization yields stable suspensions
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of spherical and anisotropic nanoparticles within LC matrices?%-27-33-34.45.48

One mixture of CE8 and r-GO nanosheets has been prepared following precisely the protocol
established and described in previous studies?®27:4%30  The r-GO concentration is defined as y
= 0.001, where y = m,_go/(mces + my—co), i.e. it is the mass of r-GO over the total sample
mass. Immediately after their preparation the samples are loaded in home-made, high-purity silver
cells for calorimetric measurements and in glass slides separated by 10 um spacers for optical
observations.

The heat capacity measurements have been performed by means of high-resolution ac calorime-
try at JoZef Stefan Institute (Slovenia). The calorimetric aparatus is house-in-built and fully-
automatized. A small heater and a glass-bead thermistor are attached on the silver cell containing
the sample in order to supply the power to the sample and accurately measure its temperature.
Additional thin copper wires thermally link the cell to the first copper shield that plays the role
of bath. The heat capacity of the sample is obtained using the conventional ac mode of oper-
ation, which is mostly sensible to the continuous changes of enthalpy. In case of second order
(continuous) transition this mode provides the exact temperature profile of heat capacity C, (7).
First order (discontinuous) transitions are traced by an anomalous phase behavior along the phase
coexistence region and an additional mode of operation can be used, the so-called relaxation or
non-adiabatic scanning mode. The latter measures the total change of enthalpy, continuous and
discontinuous, i.e. latent heat. The comparison of ac and relaxation mode data yields the latent
heat of the transition. Additional details concerning the operation of ac calorimetry can be found
elsewhere’!.

The optical measurements have been performed in University of Athens (Greece). The sam-
ples are placed and observed under a Leica DM2500P optical microscope in transmission mode.
The temperature is slowly changed and stabilized at small intervals using an Instec HCS402 heat-
ing stage with temperature stability better than 10 mK. Images of the textures are captured under
crossed polarizers using a Leica DFC420 digital camera in combination with LAS image acquisi-

tion software.

III. RESULTS AND DISCUSSION

The calorimetric results of the ¥ = 0.001 r-GO mixture, upon heating and cooling with a scan-

ning rate of 0.25 Kh™!, are presented on the upper two layers of Figure 1. The temperature profiles
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of heat capacity C,(T') are plotted from well inside the I phase down to the N* phase. They show
a reproducible blue phase range, being 7.6 K upon heating and 7.8 K upon cooling. The existence
of only two anomalies between the I and the N* phases evinces the presence of one blue phase
structure for the mixture. It is worth noting that the presented C,,(T') profiles are obtained with the
conventional ac mode, being sensitive mostly to the continuous part of enthalpy changes, hence
they do not provide the total enthalpy change of first order phase transitions. This means that the
heat capacity data are used to accurately determine the temperature range of BPs for bulk samples,

but do not yield the total enthalpic content of the transitions.

The C,(T) profiles are essentially different compared to the pure CE8 where all three blue
phases are present in a total temperature range of ~ 5 K. In particular, CE8 exhibits a 1.2 K
range of BPIII, 0.8 K of BPII and 3.0 K of BPI, as confirmed by calorimetry and microscopy
as shown in Figure 1. The C,(T) profiles of the y = 0.001 mixture show only one blue phase
present on both heating and cooling runs. Based on the outcome of previous results on anisotropic

33-35

nanoparticles , this blue phase is expected to be BPI.

In order to obtain additional information on the (expected) BPI we have performed polarizing
optical microscopy measurements. The microscopic observations have been performed upon slow
heating and cooling cycles. The textures collected at selected temperatures upon cooling the mix-
ture are presented in Figure 2. A foggy BPIII texture appears only along a few tens of mK range
as a bluish front and immediately converts to large domains of apparently BPI. This metastable
[-BPIII-BPI state apparently corresponds to the ~ 180 mK wide first order region of the I-BPI tran-
sition seen in calorimetric data in Figure 1. It could be also additionally enhanced by the larger
temperature oscillations in microscopy (~ 10 mK) with respect to ac calorimetry (~ 0.5 mK).
In this region the isotropic domains acquire a BPIII structure that, under the influence of r-GO,
gives rapidly its place to the large ordered domains of BPI. Afterwards, the BPI texture is stable
for a temperature range over 7 K, in agreement with calorimetric results. Along this range only a
gradual change of color occurs from blue to turquise upon cooling. This is related to progressive
change of the pitch size with temperature. Upon further cooling the oily streaks texture charac-
teristic of N* phase finally appear. The reproducibility of optical textures upon sequential heating
and cooling combined with high-resolution calorimetric data provide robust evidence of a thermo-
dynamically stable BPI structure. Note that the absolute temperatures exhibit a few mK difference
between calorimetric and miscoscopic data. That is acceptable due to different thermometry and

more stringent temperature control in case of calorimetry, as mentioned above.
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FIG. 1. The C,(T) profiles in the range from I down to N* phase are shown for (a) ¥ = 0.001 mixture
of CE8 + r-GO/CoPt upon heating (solid triangles) and (b) } = 0.001 mixture of CE8 +r-GO/CoPt upon
cooling (open triangles) from present work. In addition, the corresponding profiles are shown for (c) x =

0.001 mixture CE8 + GO upon cooling (open circles) from Ref.*

and (d) of pure CES8 upon cooling (solid
circles) from Ref.2. The inset on layer (c) provides a magnification of the small BPIII-BPI anomaly that is

not clearly visible in the full-scale plot. Note that no anomaly is present in the insets of layers (a) and (b).
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FIG. 2. Optical textures, obtained in transmission mode and under crossed polarizers, on cooling of y =
0.001 CES8 + r-GO mixture are presented here: (A) coexistence of isotropic (black), BPIII (foggy blue) and
BPI (vivid blue) at 418.5 K, (B) BPI at 417 K, (C) BPI at 414.5 K and (D) N* at 409 K.

Some similarities exist among the present results with CoPt-decorated r-GO and our previous

work with non-decorated GO of same concentration ¥ = 0.0013*

. As seen in Figure 1, the total
blue phase range is similar, being 7.8 K for CoPt-decorated r-GO and 7.5 K for GO on cooling.
In addition, there is a shift of the Isotropic to Blue Phase transition to higher values. This is
identical in both cases, in the range of 1 K. This upshift of I-BPI or I-BPIII phase transition is in
agreement with our previous work in CE8-dispersed nanosheets such as graphene oxide, molyb-
denum disulfide and laponite’>33. Moreover, several other studies in literature report an increase

363752 or isotropic-to-nematic®® phase transition temperature in the

of the isotropic-to-blue-phase
presence of graphene or graphene oxide nanosheets. It can be attributed to the wetting of large
nanosheets that induce some order within the I phase upon cooling the samples*.

A striking difference appears also between the two types of CoPt-decorated r-GO nanosheets
and previous non-decorated GO dispersed in CE8. Only one phase, as proven by calorimetry and
microscopy, namely the most ordered BPI is stabilized for CoPt-decorated r-GO. On the contrary, a
BPIII and BPI sequence was observed for non-decorated graphene, with BPI being wider**. In the
present study, as explained above, the BPIII is metastable along the ~ 180 mK wide I-BPI phase

coexistence range and essentially only BPI is thermodynamically stable. It is anticipated that the

CoPt-enhanced coverage of r-GO surface with oleylamine promotes the essentially direct forma-



tion and stabilization of the most ordered blue phase structure, i.e. BPI.Note that the nanosheets’
concentration used in the present r-GO, as well as in previous GO study>*, refers to a mass ratio.
The concentration being the same (¥ = 0.001) and the r-GO heavier (due to the presence of CoPt),
the same effect on the total BP range and a larger effect on BPI are achieved here by an overall
smaller number of nanosheets. This is a qualitative proof that the decorated r-GO nanosheets are
more efficiently trapped within the disclination lines in comparison to their GO counterparts.

In the following we describe the key mechanisms that are responsible for the enhanced tempera-
ture stability range of BPI. The dominant liquid crystal-nanosheet free energy density contribution
reads f = —wé.Q¢. Here the unit vector € stands for the interaction locally preferred orientational
order, w is the representative anchoring strength constant, and Q is the nematic tensor order param-
eter, quantifying the degree of orientational order at the mesoscopic level. In the case of uniaxial
order it is commonly expressed as Q = s(ii ®7i —I/3), where s is the nematic order parameter
measuring the amplitude of the orientational order, 7i is the nematic director field describing the
local uniaxial orientation, and the states +7 are physically equivalent. In case of strong elastic
distortions, which are generated by disclinations, Q exhibits biaxial order>>. In this case, the or-
der parameter is expressed as Q = 2?21 Ai¢; ® €;, where A; and ¢; are the tensor’s eigenvalues and
eigenvectors, respectively.

For w > 0O the phase transition temperature between the isotropic and the orientationally or-
dered phases increases on increasing y>*. Furthermore, it is assumed that the easy direction is
“adaptable”, i.e. it could orient along the locally liquid crystal-imposed orientational order. In this

case the defect core replacement (DCR) mechanism!6-2

could explain the increased temperature
window of BPI stability with respect to the competing phases (BPII, BPIII). DCR assumes that
the nanosheets assemble in regions possessing disclinations. Concequently, they partially replace
the energetically costly disclinations’ core volume with a trapped nanosheet’s volume part. Note
that the DCR mechanism is effective if nanosheets do not significantly distort the disclination-
imposed nematic order. This condition is fulfilled by assuming an adaptive character of €. In order
to explain the enhanced stability of BPI structure with respect to the competing BPII and BPIII,
we assume that the spatial arrangment of nanosheets is more compatible with the BPI disclination

lattice structure3?.

In the case of spherical small NPs, such as CdSe quantum dots26-27

, it is rather straightfoward
to expect that the latter aggregate in the cores of defects. Nevertheless, in the case of essentially

larger but thin nanosheets that promote homeotropic anchoring of LC molecules, the arrangment
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CoPt-decorated reduced-graphene oxide nanosheet

FIG. 3. A rough schematic representation of the possible configurations of CoPt-decorated r-GO nanosheets
along the disclination lines is presented. All sizes are approximate and the LC molecules are shown only
along one plane for clarity. The top scheme (a) represents a stack of nanosheets along the disclination line,

whereas the middle and bottom schemes (b) and (c) a triangular configuration around it.
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is not so obvious. One could assume that nanosheets are stacked along the disclination lines or
arranged in triangular configurations. These possible configurations are schematically depicted in

Figure 3. In the first case (of stacked nanosheets, Figure 3a) the DCR mechanism'6-26

can explain
the stabilization effect if anchoring is rather weak so that nanosheets sticking from the core do
not essentially perturb the LC ordering around disclination lines. In the second case (triangular
configuration, Figure 3b), nanosheets are lying in three radial plains oriented perpendicular to the
locally tangential director field around the m = —% disclination line. Also in this case for the part
of nanosheets within the core the DCR mechanism applies. The part that sticks out here does not
perturb the director field. In the last case (triangular configuration, Figure 3c), each nanosheet
orients perpendicular to the three main directions around the m = —% disclination line where the
director is radial. If the homeotropic anchoring is not particularly strong, the deformation of the
director field would be negligible. However, since DCR does not apply in this case to reduce the
total free energy, the stability of this triangular nanosheet structure is questionable. In addition, the
proximity of nanosheets usually drives them to form stacked discotic clusters. It is anticipated that

the aggregation of nanosheets within the disclination lines of BPs comprises an interesting topic

to be further addressed by simulation studies.

IV. CONCLUSIONS

We have demonstrated a strong stabilization effect of Blue Phase I in CoPt-decorated reduced-
graphene oxide nanosheets dispersed in CE8. High-resolution calorimetry and polarizing optical
microscopy results are in agreement with a stable Blue Phase I for 7.6 K on cooling and 7.8 K
on heating. The improved surface coverage of r-GO nanosheets with oleylamine compared to our
previous work promotes the direct formation of the more ordered BPI, appearing directly upon
cooling from I phase. The presentation of experimental results was accompanied by a short theo-
retical discussion. The presented results support strongly the recent findings about the usefulness

of graphene on stabilizing blue phases and underline the important role of surface chemistry.
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