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ABSTRACT: Using transmittance electron microscopy, fluores-
cence and polarizing optical microscopy, optical spectroscopy, and
fluorescent correlation spectroscopy, it was shown that CdSe/ZnS
quantum dots coated with a specifically designed surfactant were
readily dispersed in nematic liquid crystal (LC) to form stable
colloids. The mixture of an alkyl phosphonate and a dendritic
surfactant, where the constituent molecules contain promesogenic
units, enabled the formation of thermodynamically stable colloids
that were stable for at least 1 year. Stable colloids are formed due
to minimization of the distortion of the LC ordering around the
quantum dots.

B INTRODUCTION

The prospect of combining the unique properties offered by
various inorganic nanoparticles (NPs) with the remarkable
responsive properties of liquid crystals (LCs) is of intense
interest.'™ For example, doping LCs with magnetic NPs is a
promising route toward enhancmg the sensitivity of LCs in
response to external fields,* '* and dispersions of ferroelectric
NPs are characterized by an increase in the dielectric anisotropy
and birefringence of the LC host system.”'>™'* Other types of
NPs such as those based on noble metals'®™>* and semi-
conductors, quantum dots (QD) or rods,®>**7* dispersed in
liquid crystal hosts also affect mesogenic ordering, optical,
dielectric, and electro-optic properties of the resulting colloidal
materials. Of particular interest are dispersions of QDs in LCs
as the polarization®® and intensity®>*”* of their luminescence,
and other optical properties can be mani 3pulated via the
application of external electric fields.*¥>*3! 7537740

Despite the great interest in colloidal dispersions of NPs in
liquid crystal host systems, fundamental research and the
development of applications that utilize this new class of
materials is often hampered by the strong tendency of
nanoparticles to aggregate in the liquid crystal host, an effect
which typically much more pronounced than in the
corresponding isotropic liquid of the host employed.

Indeed, the stability of dispersions formed by NPs in LC
hosts is typically poor and is almost irrespective of the types of
NPs employed.* %! 115717:22263073237=43 \oreover, the ag-
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gregates formation often occurs even in colloids with low-
content of NPs (see, e.g, ref 4 and references cited therein).
The origin of this instability depends on the size of the
particles. For rather large particles, d,,; > 100 nm, distortions
of the director of the LC around the particles are necessitated.
These distortions give rise to attractive orientational elastic
forces between the particles, which encourage aggregation.
Small nanoparticles, with size d,,, << 100 nm, do not disturb
the director of a LC because it requires too much energy, and
therefore orientational elastic forces do not notably contribute
to the aggregation process. In this case, interactions due the
change of the order parameter near the particles come to play
an important role. To compensate for distortions of the order
parameter around the particles, the NPs approach each other as
long as partlcles are at a distance of tens nanometers from each
other.** This general effect encourages aggregation of any kind
of nanoparticles in a LC phase, and makes the problem of
aggregation more severe than in isotropic solvents.

In order to decrease aggregation, surfactants are used to coat
the surface of the nanoparticles. It is traditionally thought that
the role of surfactant is to increase the excluded volume (in
other words, to increase the steric repulsion radius) of the NPs.
Another role of surfactants is to “smooth out” the disturbance
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Figure 1. Structures of the surfactants 1—4 and their relative dimensions.

of the local director of the LC caused by the particles.
Therefore, it is not a coincidence that most stable colloidal
liquid crystals are achieved using either surfactants composed of
molecules with promesogenic structures or a combination of
promesogenic surfactants and aliphatic ligands.m’lg_n/w’43
However, the influence of surfactant structure on the stability
of the colloids in mesophases has not been studied extensively
to date. Furthermore, the lack of reliable methods to study the
aggregation of NPs in LC hosts additionally complicates these
studies.

Herein we demonstrate that it is critical to optimize the
interactions between the molecules of the LC matrix and the
surface coatings of the nanoparticles in order to avoid
aggregation of the NPs, thereby producing truly stable colloidal
systems. We achieved such colloidal systems using specially
coated quantum dots of CdSe/ZnS dispersed in the nematic
host, 4-pentyl-4’-cyanobiphenyl (SCB). The luminescent
nature of QDs provides an opportunity to visualize the degree
to which aggregation of NPs occurs in the LC host via the use
of fluorescence detection techniques, such as fluorescence
microscopy (FM, similar to refs 3, 17, 32, 33, and 38) and
fluorescence correlation spectroscopy (FCS). As the FCS signal
is acquired from luminescent objects only, this methodology
has an advantage over the more general technique of dynamic
light scattering (DLS), where strong fluctuation of the director
complicate data interpretation. Both FCS and DLS methods are
widely applied to study different kinds of NPs dispersions in
isotropic media. In the case of LC colloids, however, there are
only few examples of the application of DLS*' and, to the best
of our knowledge, there are no studies that describe the use of
FCS.

B EXPERIMENTAL SECTION

In order to stabilize the formation of colloids composed of quantum
dots in nematic liquid crystals, it is necessary to design and prepare
organic ligands (surfactants) with specific structures, topologies, and
properties. The synthesis of the materials is described fully in the
Supporting Information; here we discuss the molecular design of the
materials to be investigated.

The choice of QDs was dictated by the use of fluorescence
microscopy and fluorescence correlation spectroscopy in our studies.
Specifically, the excitation range of the QDs should be sufficiently
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shifted from the excitation of the luminescence of the host nematic
material, SCB.

Two types of CdSe/ZnS QDs were synthesized:** green-emitting
quantum dots QD1 (maximum of the photoluminescence at 4, = 530
nm, quantum yield, 7., ~ 30%) and yellow-emitting quantum dots
QD2 (A, = 573 nm, 7o, = 17%). The photoluminescence of both
types of QDs can be excited by irradiation in the range of 400—480
nm, and their mean diameter was 3.5 nm. The synthesized QDs were
coated with a hydrophobic shell; according to literature data, it
consists of mixture of aliphatic-based compounds (so-called “native”
surfactants), which were oleic acid and trioctylphosphine oxide
(TOPQ), presumably with small amounts of octylphosphonic acid.*®

After the fabrication of the QDs, their “native” surfactant covering
was replaced with the two types of new surfactants (Figure 1): (i) a
linear surfactant possessin§ a terphenyl promesogenic moiety (a
“single core” surfactant, 1)*” which has been recently applied in the
stabilization of Fe;O, dispersions in smectic LCs* and (ii) a dendritic
surfactant, 2, with three promesogenic biphenyl units.

Furthermore, two types of alkylphosphonic surfactants, 1-
hexylphosphonic acid (3) and 1-hexadecylphosphonic acid (4), were
used to vary the density of the surfactants 1 and 2 on the surface of the
NPs. We therefore targeted the incorporation of one to two molecules
of the cosurfactant (3 or 4) between molecules of the main surfactants
1 or 2 on the surface of each QD. Mixtures with a 2:1 ratio of the
surfactants 3 and 1 and a 4:1 ratio of the surfactants 3 and 2 were used.
This ratio was selected by taking into account the larger diameters of
the molecules of the surfactant 2 relative to those of the surfactant 1,
and the corresponding differences in their footprint areas on the
surfaces of the QDs.

The surfactants 1—4 were linked to the QDs surfaces through
phosphonic acid groups. These groups have a strong affinity for the
CdSe/ZnS surface and, contrary to traditional terminal thiol
functions,*®* do not decrease the quantum yields of photo-
luminescence significantly.** ™' The affinity of phosphonic acids
groups to QD surfaces also exceeds that of other popular terminal
groups such as carboxylic acids or phosphine oxides.***$*°

The site-exchange was achieved via prolonged heating of the NPs in
toluene under an argon atmosphere with an excess of the appropriate
surfactant(s). The quantum yields of resurfaced QDs were reduced by
no more than half that is within the general tendency for site-exchange
procedures.®® Qualitatively the progress of the site-exchange was
monitored by FT-IR spectroscopy and energy dispersive X-ray
spectroscopy (EDX-spectroscopy). The FT-IR spectral evolutions
upon grafting of the QDs and accompanied changes in elemental
contents are given in the Supporting Information.

Here after, the fabricated NPs are referred as QD1-1, QD1-2, QD1-
1-3, QD1-2-3, QD1-2-4, and QD2-2-3 (see Figure 2), where the first

dx.doi.org/10.1021/1a401475b | Langmuir 2013, 29, 93019309
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number in the abbreviation, denotes the type of QD used, and the
second and third numbers indicate the type of ligands employed (see
Figure 2).

a TA b ¢
NP / 7 2
((‘f"‘:: ‘_i{{q"_‘%” {( A
_Q_DI,QDZ “QDI-I | _QD]—I—S
W, N N
WV GAA ; N/
i (ﬁf ,7 r \ y f;{ - \?-;. ;’ -
v ; ¥ i ﬁf
A /W {{,«’ 2 {-'“"_f”"'-. o
- A s R
: :\3”: : o 2 o
Di1-2 D1-2-3, ™ QDI1-2-4 %
2 802-2-3 = ™

Figure 2. Schematic representation of the QDs grafted with the
surfactants (to scale): (a) the native surfactant and (b—f) the new
surfactants. The dotted lines illustrate a possible depth of penetration
of SCB molecules into the QDs shell.

In order to prepare dispersions of the QDs in a LC, a dispersion of
QDs in toluene was added to a SCB (clearing temperature T, & 34.5
°C) and the toluene was removed using stream of argon at an elevated
temperature, drying in vacuo and sonication where necessary. The feed
concentration of QDs in SCB was approximately 0.25 wt %. The
textures of the dispersions observed by polarizing optical microscopy
(POM) are similar to those observed for pure SCB between untreated
glass substrates regardless whether the QDs were aggregated in the
dispersion or not. However, the available glass substrates and
coverslips provide homeotropic alignment of LC for all the samples
including pure SCB. Therefore, in this case, it is difficult to judge if the
vertical alignment is induced by NPs similarly as it was observed
recently.*

All of the samples were subjected to fluorescence microscopy (FM)
equipped with CCD-camera and fiber-optical spectrometer which was
used to record the emission spectra. For the representative dispersions
(see Table 1), the data obtained by fluorescence microscopy was in

Table 1. Results of FCS Measurements (7qp), the Estimated
Diameter of QDs (dqp,), and Checking for Aggregates
Presence by Confocal Microscopy for the LC-QDs Colloids
and the Reference Sample

TMR QD2 QD11 QD12 QD123 QD223
correlation time, 0.038 721 8.7 12.9 8.6 9.9
Tqp, ms”
diameter, dqp, 12 812 98 14.5 9.7 11.1
nm
aggregationb +++ + ++ - -
“The measurements were carried out for T = 300 K. *+” or “~”

denotes the presence or absence of aggregates; number of “+”
qualitatively characterizes the degree of aggregation.

good agreement with the results obtained from two-focus fluorescence
correlation spectroscopy (FCS).>* Due to the requirements of the FCS
setup, the concentration of the QDs in the sample investigated was
around 0.0025%, that is, 2 orders of magnitude less than in the
experiments described above.

In the FCS technique, the correlation time of fluctuations of
fluorescence femtoliter excitation volume are monitored, and the
resulting correlation time (7) of the fluorescence signal is used to
determine the diffusion coefficients of the fluorescent objects.

FCS measurements were carried out for the reference fluorescent
species S-carboxytetramethylrhodamine (TMR) in water (diffusion
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coefficient, Dpyr = 421 pum?* s7'; see ref 2 in the Supportring

Information) and for our QDs in SCB. The measured values of 7
allowed us to estimate the hydrodynamic diameter, dqp,, of the QDs
from the Stokes—Einstein equation:

dqps = kyT/37nDop, = kT /[3nnDyyg (Trur/ Taps)] (1)

where kg is the Boltzmann constant, 7 is the viscosity of the LC (26
mP-s),>* and 7y and Tqps are the correlation times of TMR and the
QDs, respectively. FCS is a very sensitive technique to monitor QDs
aggregation, as the correlation time is proportional to the particle size.
However, we should admit that the resolution of the FCS based on the
correlation time is limited, as the formation of very small aggregates,
such as dimers of QDs, would not be possible to detect because of very
limited change in the particle size (cube root of the particle mass).

It should be noted that eq 1 does not take into account anisotropic
diffusion of the particles in the nematic host. However, since our
particles do not disturb the director of the LC, their diffusion can be
considered to be similar to the diffusion of molecular dopants, for
which the value of the diffusion anisotropy is typically small (~30%).%°
Furthermore, in our case, unaligned LC samples were used, and the
average effective diffusion coefficient 1/ 3Dy + 2/3D, (the indices
denote the diffusion coefficients along and perpendicular to the
director) was measured. Therefore, the anisotropy of the diffusion
should not significantly affect our estimations of the effective size of
the QDs. Our FCS analysis also does not account for blinking of QDs.
According to the previous reports, the QDs blinking and other
anomalous behaviors, which become important for higher excitation
powers, may influence the amplitude of the autocorrelation function
with only limited effect on the correlation time.*® Therefore, the
correlation time is sufficiently robust parameter to estimate the size of
the dispersed QDs. A detailed description of the FCS setup®” and the
analysis used is given in Supporting Information.

The method used to prepare TEM samples was similar to the
method described in ref 43, and it allowed for the direct observation of
the QDs aggregates in the LC matrix. Briefly, a dispersion of the QDs
in the LC was smeared on a TEM grid without any dilution with
volatile solvent and used for image acquisition; see Figure 4. (See also
the Supporting Information.)

B RESULTS

Initially, dispersions of the NPs coated with native surfactants,
QD2, in the SCB were examined in order to provide baseline
dispersions for comparative studies. Dispersions that contained
residual toluene appeared optically homogeneous. However,
after full removal of the solvent, luminescent heterogeneities,
visible to the naked eye, formed quickly in the dispersion.
Treating the dispersion with powerful ultrasound (22.5 kHz,
~500 W output) at an elevated temperature (~70 °C) restored
it to a uniformly colored material, however, only for a period of
several hours.

Under fluorescence microscopy, even freshly restored and
sonicated samples of QD2, filled in planar glass capillaries
(thickness, L = 5—10 um), looked like a dispersion of
micrometer sized, yellow emitting objects of irregular shape
and sizes (see Figure 3a).

The luminescence spectrum taken from an area enriched
with the objects (insert at Figure 3a) almost coincided with the
spectrum of the QD2 colloid in toluene; that is, these objects
can unambiguously be assigned as aggregates of the nano-
particles. The areas between the aggregates showed almost no
luminescence, thereby suggesting that these areas contain a
negligibly low concentration of QDs. The FM observations
were confirmed by the data obtained from FCS studies in
which, despite two-order dilution of the colloid, only
fluorescent objects of micrometer size were detected (see
Table 1). These objects were also observed in the confocal

dx.doi.org/10.1021/1a401475b | Langmuir 2013, 29, 93019309
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Figure 3. Fluorescence microscopy images (Aeitation 450 — 480 nm) of the 0.25 wt % dispersions in SCB of (a) as-synthesized QD2 (coated with
“native” surfactants); (b) QD1 grafted with surfactant 1 (sample QD1-1); (c) QD1 grafted with surfactant 2 (QD1-2); the inset shows the same
sample at higher magnification. (d—i) QDs covered with mixtures of surfactants: (d) QD1-1-3; (e) QD1-2-3; (f) QD2-2-3; (g) QD1-2-3 where 2
and 3 were taken in 1:8 ratio; (h) QD1-2-4 where 2 and 4 were taken in 1:4 ratio; and (i) QD1-2-4 where 2 and 4 were taken in 1:8 ratio; the green
color of the yellow-emitting particles (f) is an optical illusion that occurs due to a mixture of the residual pump light (blue) and fluorescence light
(yellow). For confirmation, see the UV spectrum on the figure inset; insets in (a), (e) and, (f) show the emission spectra acquired from the center of
the emitting area; in (e—i), sample edges (black areas) are shown in order to confirm the focus and to guide the eye.

microscope equipped with the FCS setup (see Supporting
Information, Figure S7).

Thus, the QDs coated with aliphatic surfactants are only
capable of forming short-lived, micrometer-sized suspensions in
the LC before aggregation occurs. Since the formation of large
aggregates was observed even in quite diluted colloids, the
following study was focused on low-concentrated colloids so
far.

Conversely, the promesogenic surfactants, both with a linear
structure, 1, and with a dendritic structure, 2, applied
individually to the QDs enhance homogeneity of the
dispersions. Freshly prepared dispersions of the QDs coated
with these surfactants in SCB appeared to be optically
homogeneous to the naked eye, even without sonication. The
suspensions stabilized with the individual surfactants 1 and 2
maintained their homogeneity for approximately 24 h, after
which time QDs aggregates became visible by eye, and
ultimately precipitation occurred. However, the precipitated
aggregates could be readily redispersed by heating the
heterogeneous mixture to 60—70 °C with gentle agitation for
approximately 1 min. This redispersion effect is naturally
explained by the absence of order-induced interactions between
the aggregated nanoparticles in the isotropic phase of the LC
host.
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Despite the apparent optical homogeneity to the naked eye,
more detailed examinations revealed that dispersions of QDs
coated with single promesogenic surfactants showed a certain
degree of aggregation in the case of the linear surfactant 1
(sample QD1-1) and a greater degree of aggregation in the case
of the dendritic surfactant 2 (sample QD1-2).

For example, upon examination of the samples by FM, QD1-
1 showed almost uniform emission with a few bright colored
points (Figure 3b). Luminescence spectra taken from random
areas of the sample were found to be very similar to those
obtained from dispersion in isotropic solvent, thereby
indicating that the LC has a negligibly small effect on the
emission of the QDs.

The spatially uniform emission of our colloids implies that
the characteristic scale of optical inhomogeneities within the
sample is much less than the wavelength of the emission light,
that is, <500 nm. In other words, the size of any aggregates
within the samples well as distances between them in the
uniform emission areas is much less than 500 nm. In the case of
a stable, not-aggregated colloid, the mean distance between the
QDs is expected to be approximately 90 nm (see the
Supporting Information, chapter S.1). We can therefore assume
that a “true” colloidal dispersion is formed in the areas of the
QD1-1 sample that show uniform emission.

dx.doi.org/10.1021/1a401475b | Langmuir 2013, 29, 93019309
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Figure 4. TEM images of the 0.25 wt % dispersions in SCB of (a, b) QD1-2-3; (c) QD2-2-3; (d, e) QD1.

In the case of QDI1-2 dispersions, a number of green-
emitting objects were observed by fluorescence microscopy.
The areas between the aggregates were found to exhibit a
luminescence intensity which was much weaker than in the case
of QDI1-1, thereby indicating that the concentration of
nonaggregated QDs in these regions is lower than in the
analogous regions within dispersions of QD1-1 (Figure 3c). At
higher magnifications, these objects appear as liquidlike
droplets rather than solid inclusions (cf. Figure 3c with a).
The presence of these liquidlike droplets might be a sign of
inherent mesomorphism of QD1-2 material, as observed for
similar mesogen-coated NPs.>**° However, in order to confirm
this suggestion, additional studies are required.

In each of the dispersions of QDs decorated with the
promesogenic surfactants (QD1-1 and QD1-2), the simulta-
neous presence of separate QDs (with a size of the order of 10
nm) and their aggregates (visible by confocal FM) was also
detected by FCS studies (see Table 1 and Supporting
Information, Figure S7).

Thus, both of the promesogenic surfactants, 1 and 2,
essentially decrease the tendency of the QDs to aggregate in the
LC, although a small degree of aggregation still occurs. It is
worth noting that linear surfactant 1 suppresses aggregation
more effectively than the dendritic surfactant (2), although it
was expected that the latter would better facilitate interactions
between the outer shell of QDs and the surrounding LC matrix.

In order to enhance the interactions between the LC and the
surfactant shell, and therefore obtain a stable colloidal system,
we attempted to “smooth out” the disturbance of the LC order
parameter around the particles by increasing the contact area
between the molecules within LC phase and the molecules of
the surfactant coating. We achieved this by incorporating short-
length cosurfactants 3 or 4 between molecules of the main
surfactants 1 or 2 (Figure 2¢,f). Recently it was shown that gold
NPs with a similar architecture of stabilizing shell are capable to
form stabile dispersions in LC matrices (refs 18—20, ref 11 in
ref 19, and ref 60).
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The colloid of QD1-1-3 in SCB (Figure 3d) showed similar
fluorescence microscopic patterns to the dispersion of QDs
stabilized with surfactant 1 (Figure 3b and Supporting
Information, Figure S7e); that is, the “thinning” of the linear
promesogenic surfactant with the short-length cosurfactant
does not significantly affect the extent of aggregation. In
contrast, the colloidal systems of QD1-2-3 and QD2-2-3
appeared uniform emitting (Figure 3e and f) by FM, and we
have not observed any signs of aggregation in these samples in
over a year. Moreover, the fluorescence spectra, randomly
acquired from different emitting areas of the microscopic
pattern, did not differ from the fluorescence spectra of the NPs
in an isotropic solvent (see insets in Figure 3e and f). The sizes
of fluorescent species, as determined by FCS (Table 1), are also
comparable with the expected size of the separate QDs
particles; the diameter of the bare QDs is 3.5 nm, and the size
of the surfactant coating is 4—6 nm. These data therefore
strongly suggest that “true” colloidal systems have been
achieved in the case of dendritic surfactant 2 coatings “thinned”
with the short-length cosurfactant 3 in 1:4 ratio.

The stability of the colloid requires a delicate balance
between the surface concentration and the relative lengths of
the main dendritic promesogenic surfactant and aliphatic
cosurfactant. A too strong dilution of the dendritic surfactant
2 with the aliphatic species 3 (1:8 ratio) results in appearance
of NPs aggregates (see Figure 3g). The same effect is observed
when the short-chain cosurfactant 3 is replaced by longer
homologue (4) (cf. Figure 3e,f with h and i).

In addition to the data acquired from static FM and FCS
studies, the notion that both QD1-2-3 and QD2-2-3 form
thermodynamically stable colloidal dispersions in SCB is also
supported by TEM studies; that is, a small amount of the
dispersion of the NPs in the LC was smeared directly on to a
TEM grid, without any dilution with solvent, and images were
taken® (see Figure 4).

The QDs covered with the “native” surfactant (QD1) are
bundled into irregular shaped clumps mediated by areas that

dx.doi.org/10.1021/1a401475b | Langmuir 2013, 29, 9301-9309
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Figure S. Schematic representation of QDs in SCB: (a) QD1-1 in isotropic phase; (b) QD1-1 in nematic; (c) possible type of QD1-1 aggregation in

nematic; (d) QD1-2 in nematic; (e) QD1-2-3 in nematic.

are almost free of clustering (Figure 4d,e). Conversely, the
quantum dots QD1-2-3 and QD2-2-3 coated with the mixed
dendritic/aliphatic surfactants are uniformly distributed over
the grid (Figure 4a—c). The differences between the two types
of TEM pattern can be rationalized if we suppose that the LC
matrix is evaporated in high vacuum in the TEM chamber
(1077 Torr), and that suspended NPs are deposited onto the
copper grid. In such a way, the colloids of QDs with modified
surfaces that are well dispersed in the LC matrix produced
uniformly covered TEM patterns upon drying (see Figure 4a—
c), whereas the crude dispersions of QDs that aggregated (as
also observed by FM at Figure 3a), dried out into irregular
spots on the TEM grid, without of the possibility of
redispersion (see Figure 4d, e). This indicates that, in these
systems, the QDs are homogeneously distributed within the LC
matrix, as it was also concluded from the FM and FCS data. A
detailed analysis of TEM images is given in the Supporting
Information.

B DISCUSSION

Thus, the experimental data allow us to conclude that the best
stability of the colloids was obtained for QDs coated with the
promesogenic dendritic ligand thinned with a short aliphatic
surfactant. Moreover, thermodynamically stable colloids were
obtained for these kinds of QD shells.

The obtained results can be explained in terms of the
distortion in the local ordering of the LC host caused by the
particles and their surfactant shells. As was noted in the
introduction, the tendency of nanoparticles to aggregate in a
LC matrix is always much stronger than in an isotropic
environment. Obviously, this effect is caused by the orienta-
tional ordering of the constituent molecules within the
mesophase. Since the sizes of the considered nanoparticles
(~3.5 nm) and the surfactant coatings (~4—6 nm) are of the
order of the length of SCB (% 1.6 nm), a macroscopic approach
and consideration of the problem in the terms of LC director
are not valid. Therefore, it follows that we cannot consider
directly the interaction of the particles with the LC host in
terms of the anchoring of the director at the particle surface and
orientational elastic forces. Instead, LC-NP interaction must be
considered on a molecular level, thereby taking into account the
local orientational ordering of the surfactant and LC molecules
within the surfactant shell and in the vicinity of the particles.

In accordance with this approach, the nanoparticles disturb
the local ordering of the LC around them and, in turn, the
interactions between the LC and surfactant molecules impose a
degree of orientational ordering within the surfactant shell'
such that the ligands are oriented to be parallel to the local
director field. Such alignment of cyanobiphenyl ligands was
recently detected in suspensions of 4 nm Au particles in SCB by
wide-line 2H NMR spectroscopy.”’ Thus, the shape of the
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coated nanoparticles will no longer be spherical, as it would be
in the isotropic phase (Figure Sa), but will instead be tactoidal
(Figure Sb). In such a way, the mutual ordering of the LC
molecules and surfactant molecules minimizes the orientational
energy of the system and decreases the distortion of the local
director field around the NPs. This effect is more pronounced
when the surfactant molecules are structurally compatible with
the LC host, that is, when the ligands bear promesogenic units
and when the structure of the nanoparticle shell allows the
penetration of the constituent molecules of the LC between the
molecules of the surfactant. Smaller distortions of the LC
around the particles lowers their propensity to aggregate,
thereby enhancing the stability of the colloid.

This conclusion is in agreement with our results. QDs coated
with the dendritic surfactant 2 diluted with the short aliphatic
surfactant 3 (QD1-2-3 and QD2-2-3) forms a “true” colloid
with no traces of aggregation. The structure of the shell in this
case provides a large amount of space for the molecules of LC.
Additionally, three promesogenic units within the structure of
the main surfactant 2 guarantee effective interaction with the
molecules of the nematic host (Figure Se). With regard to the
importance of the relationship between the lengths of the main
dendritic surfactant 2 and cosurfactant, it is clear that the
application of the short (half-length of the main surfactant
spacer, see Figures 1 and 2c¢, e) cosurfactant 3 resulted in the
formation of a “true” colloid, whereas the chains of the
surfactant 4 molecules are too long (one-third longer than
spacer in 2 and 3, Figures 1 and 2f) to allow the effective
penetration of the LC host molecules into the shell and
therefore aggregation is observed (cf. Figure 3h and i).

Despite the similar structure of the NPs shell in the case of
both QD1-2-3 and QDI1-1-3, the interaction of the linear
surfactant 1 (one promesogenic unit per anchoring group) with
the constituent molecules of the LC host is not as effective as it
is in the case of the dendritic surfactant 2, which contains three
promesogenic units within the molecular architecture. Instead,
minor aggregation of the NPs in the colloid QD1-1-3 occurs.
Apparently, the molecules of main ligand 1 per se are long and
flexible enough to be ordered by LC molecules (cf. Figure Sb
and d). Furthermore, the distorted topology of the individual
surfactant 1 within the shell leaves a space of low surfactant
density around the equatorial region of the QD, which
facilitates interactions between NPs and therefore ultimately
leads to aggregate formation; a schematic representation of
such an aggregate structure is shown in Figure Sc.

In further agreement with our model, a large degree of
aggregation was observed in the dispersions of QDs decorated
with individual dendritic surfactant 2. The conic shape of the
ligand leads to a dense packing of the surfactant molecules on
the surface of the particle (Figure Sd), thereby preventing
penetration of the constituent molecules of the LC host into
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the NP shell and limiting the flexibility of the dendritic
surfactant. Similar limitation of the ligand flexibility was
observed in dispersions of Au NPs covered with individual
cyanobiphenyl surfactant in a nematic host.** Thus, in the case
of QD1-2, the distortion of the local LC ordering is strong and
aggregation of the particles is observed with a degree of
aggregation similar to that of QDs grafted with native surfactant

(QD2).
B CONCLUSIONS

Our studies clearly show that the optimization of the
interactions between a LC host and nanoparticles by
minimization of the distortion of the local LC ordering is a
practical method for the preparation of thermodynamically
stable colloids of nanoparticles in nematic LC matrixes.
Minimization of the LC distortion is achieved by preparation
of the QDs shell structure that provides (i) effective
penetration of the constituent molecules of the LC host into
the surfactant layer and (ii) effective interaction between LC
host and the surfactant molecules, which results in the
adjustment of ligand ordering to match the ordering of the
surrounding LC. The ratio of the concentrations of the main
surfactant and the cosurfactant plays an important role in
determining the strength of the LC—NP interactions, as is the
relative lengths of the two employed surfactants. The
optimization of these values is necessary in order to produce
enough room for the penetration of the LC host molecules into
the NP’s shell and to provide an angular mobility of the main
surfactant molecules. Certainly, the study of the full range of
QDs concentration in LC is an important issue and this is
planned for our further work.

The luminescence of QDs allowed us to monitor a degree of
aggregation in the colloids of QDs covered with different
surfactants and to demonstrate the validity of our approach.
Specifically, we found that coating of QDs with the mixture of
long-length dendrite promesogenic surfactant and the short-
length aliphatic cosurfactant results in a “true” colloid of the
QDs in a 5CB.

The suggested strategy can be further extended to the
creation of thermodynamically stable colloidal dispersions of
nanoparticles of different chemical constitutions/properties
(e.g, metals, ferroelectrics, ferromagnetics, dielectrics, etc).
This promises to solve the problem of the aggregation of
nanoparticles in thermotropic LCs, and opens the way for the
future application of LC colloids in a variety of advanced
devices.
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