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Rheological behavior across thermal phase transitions of liquid crystalline (LC) struc-
tures has been investigated using dendron-modified LC gold nanoparticles (NPs) pre-
pared by surface modification of spherical gold NPs with LC dendrons. Such dendron-
modified gold NPs self-organize to form a columnar LC structure that transforms to a
simple cubic LC structure with increasing temperature. Endo- and exothermic peaks
associated with this phase transition are barely observable. However, using dynamic
viscoelastic measurements, the transition was observed as a drastic increase in fluidity
of the dendron modified gold NPs.

Keywords Liquid Crystal; Rheology; Organic-Inorganic Hybrid Material; Dendrimer;
Gold Nanoparticle

1. Introduction

Many attempts to functionalize inorganic nanoparticles (NPs) have been carried out to
develop nanostructure-based devices due to their new structure-related functions [1,2].
Well defined NPs have spontaneously formed various kind of self-organized lattices [3-6].
Utilization of mesogenic molecules to modify NPs enables the formation of thermotropic
liquid crystalline (LC) phases of NPs [7-14]. Among organic soft materials, organic LC
dendrons are the best building blocks to form dendrimer-like spheres by self-assembly.
Such spherical assemblies spontaneously form 2- or 3-dimensional self-organized struc-
tures [15,16]. Thus, LC dendrons are the most likely candidates to develop NPs-based
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Figure 1. A schematic illustration of dendron-modified gold NPs. The resultant NPs form a 2D
hexagonal array on TEM grid and self-organized hexagonal columnar superlattice and a simple cubic
LC structure in the bulk.

LC structures. Previously, we have developed the LC dendron-modified gold NPs, which
can be regarded as organic-inorganic hybrid dendrimers, with a use of spherical gold NPs
as an internal core through surface modification by LC dendrons [17]. The number of
organic dendrons attached to the surface of one gold NP can be controlled precisely. The
well-defined dendron-modified gold NPs were found to self-organize into a 2D hexagonal
LC superlattice and a simple cubic LC phase as shown in Figure 1. Transitions between
such phases are often accompanied by endotherms and exotherms. However, differential
scanning calorimetry (DSC) experiments on the above systems did not show such peaks.
We therefore decided to carry out rheological experiments, since phase transitions are also
accompanied by changes in viscoelasticity. So far, many types of phase changes in soft
matter have been characterized by rheological analysis, e.g. microphase separations of
block copolymers, [18,19] thermotropic LC, [20-23] external stimulus-induced orienta-
tion of LC molecules, [24,25] thixotropic gels, and thermal deformations of organogels
[26-28]. In the case of organic-inorganic composites, phase transition behavior as well as
mechanical properties have also been investigated through rheological analyses [29-35].
For example, the transition from a biphase into a nematic phase of lyotropic LC carbon
nanotubes dispersion has been related to the change in viscosity [35]. In this work we
focus our attention on rheological analysis of dendron-modified gold NPs [17] to reveal
the relationship between the LC structure and its viscoelastic character. The viscoelastic
behavior of both dendron molecules and dendron-modified gold NPs have been examined.
A drastic decrease in viscosity of the dendron-modified gold NPs has been observed at the
thermal LC phase transitions.

2. Experimental

The detailed syntheses of LC dendron G2, gold NPs A2, and A3, G2-modified gold
NPs G2/A2, and G2/A3 are described in Ref [17]. In the present report, 12-dodecane
thiol (DT)-modified gold NPs A1 was newly synthesized by the method of Zheng et al.
[36] with some modifications. Figures 2 and 3 show the chemical structure of G2 and
the TEM images of A1-A3, respectively. The synthetic procedure for Al is as follows:
HAuCl,-4H,0 (0.125 mmol) and DT (0.250 mmol) were dissolved into 8.0 mL of THF.
The mixed solution was stirred at room temperature for 3 h. Then, the mixture was heated
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Figure 2. Chemical structure of phenetyl ether-type dendron G2 used in the present study.

up to 55°C and BHj3-#-BuNH, as reducing agent was added in one portion at the same
temperature. The resulting solution was centrifuged, and the precipitate was washed three
times with hexane/ethanol. Mercaptohexadecanoic acid (MHA)-modified gold NPs A2 and
A3 were also prepared in the presence of both DT and MHA as the internal core of G2-
modified NPs. The initial DT/MHA molar ratio was fixed at 3/2, and 4/1 for the preparation
of A2 and A3, respectively, to give different proportions of CO,H-groups on the surface of
NPs. Modification of A2 and A3 by G2 was carried out by amidation reaction between a
CO,H-group and an amino-group to obtain G2-modified gold NPs G2/A2 and G2/A3.

Temperature variable dynamic viscoelastic measurements were carried out by using a
TA Instruments ARES-G2 Rheometer equipped with 8 mm diameter stainless parallel flat
plates. The measurement conditions were: strain 5%, frequency 1.0 Hz, and heating rate
2°C/min.

3. Results and Discussion

SAXS measurements have revealed that G2 formed a poorly ordered hexagonal columnar
phase (Coly) from room temperature to ca. 50°C. After annealing for a long time, G2
self-assembled into a spherical shape, so that this phase changed to a dodecagonal liquid
quasi crystal (LQC) between 60 and 80°C. Further details were reported in Ref [17]. DSC

Figure 3. TEM images of hydrophobic DT-modified gold NPs (a) Al, and hydrophilic
MHA-modified gold NPs (b) A2, and (c) A3.
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Figure 4. (a) Temperature dependent dynamic viscoelastic curves of G2. G’ and G” are storage and
loss moduli, respectively. tand ( = G”/G’) is the loss tangent. (b) Viscosity of G2.

measurements of G2 showed two endotherms at 14 and 46°C on heating. Figure 4(a)
shows temperature variable dynamic viscoelastic curves of G2. Here, G’ and G’ denote a
storage elastic modulus and a loss elastic modulus, respectively. tand = G’'/G’ is the loss
tangent, which is a measure of energy dissipation. The measurement started from 40°C,
where G2 molecules self-organized in a hexagonal columnar structure with stacking of
disk-shaped G2 assemblies. With increasing temperature, both G’ and G” of G2 (G'g2) and
(G”g2) decrease. A drastic increase in tandgy ( = G G2/G g2) at 46°C is observed. Such
change in tandg; is due to thermal motions of alkyl chains with increasing temperature. At
the same temperature, an endotherm was clearly observed in the DSC scan. According to
small-angle X-ray scattering (SAXS), the structure of G2 both below and above 46°C is
Coly. This suggests that a phase transition from an ordered to a disordered Col, might be
occurring by way of glass transition, resulting in an increase in tandg;. As the temperature
was further increased to 55°C, tandg, continued the drastic increase, and exceeded 1.0.
This means that G2 behaved like a liquid, allowing G2 molecules to self-assemble into
spherical shape to form the LQC phase. Such increase in fluidity of G2 was also confirmed
by the observed decrease in viscosity (ng2) at 55°C (Figure 4 (b)). Both in the SAXS and
DSC measurements, it was difficult to assign a critical phase transition temperature into
LQC because it took for a long time to form a thermally stable LQC structure. Actually,
an endotherm peak at 55°C was not observed by DSC measurement. However, we could
observe the phase transition behavior as the drastic changes in viscosity.

(a) 1w . 2 (b) 10
L -
10y 10°} e
10°F )
s ALy
?-" 10y = F-y
© 13 § 10
o 10y _‘_tanﬁm ]
- . > 100
100 M i
10f tans';z 10 {
1 L . s L . 0 1 s s s s "
40 60 80 100 120 140 40 60 80 100 120 140
Temperature (°C) Temperature (*C)

Figure 5. (a) Temperature dependent dynamic viscoelastic curves for A1 and A2. (b) Viscosity of
Al and A2.
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Table 1. Diameter of A1-A3 and modification number and ratio of DT and MHA on A1-A3

Diameter (nm) DT/MHA Npr Nwmua
Al 6.8+0.5 10/0 1310 —
A2 6.8+£0.7 10/3.8 600 220
A3 6.84+0.8 10/1.5 680 100

As gold NPs, we have prepared DT-modified gold NPs A1 and MHA-modified gold
NPs A2 and A3 as shown in Figure 3. The shapes of the gold cores of A1-A3 were close
to spherical with narrow size distributions. The mean size and the distributions of the
core parts of Al, A2, and A3 were 6.8 £ 0.5, 6.8 + 0.7, and 6.8 £ 0.8 nm, respectively.
From the 'H NMR measurements, methyl-to-carboxylic molar ratios (DT/MHA) on the
surface of A2 and A3 were determined as 10/3.8 and 10/1.5, respectively (see, Ref [17]).
Thermogravimetric (TG) analysis showed that the weight losses of A1, A2, and A3 were
12.2, 8.8, and 8.0%, respectively. These losses were attributed to burning off of DT and
MHA. The number of DT (Npr) and MHA (Nypga) ligands on a gold NP was calculated
and summarized in Table 1 by using the results of '"H NMR and TGA measurements.

Figure 5 (a) shows dynamic viscoelasticity of A1 and A2. In the case of Al, a
steep decrease in both G’ and G” of A1 (G'51) and (G”'s1) was observed, and tan §p; (=
G"'A1/G’ A1) became unstable and diverged with increasing the temperature. Such divergence
behavior of tandaq at about 100°C might be derived from a thermal decomposition and
detachment of DT on the surface of A1 because irreversible aggregation of A1 was observed
after the measurement. On the other hand, values of G’ and G”" of A2 (G’;) and (G'/52) were
almost constant in the temperature range from 40°C to 130°C (Figure 5 (a)). Here, tanda;
(= G”22/G52) was about 0.2. The result suggested that A2 had no viscoelastic property
and formed only powder-like solid state in this temperature range. Such solid-like behavior
of A2 might be derived from the high viscosity of A2 (1742) against to the corresponding
viscosity of Al (n41) (Figure 5 (b)). Furthermore, thermal decomposition and detachment of
thiols from the surface were negligible for solid-like A2. The result suggests that increase in
the fluidity of thiol-modified NPs might enhanced thermal decomposition and detachment
of the thiols.

According to our previous study, we have prepared G2-modified A2 and A3 (G2/A2)
and (G2/A3). From the TG results, G2-modification numbers of G2/A2 and G2/A3 are
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Figure 6. (a) Temperature dependent dynamic viscoelastic curves for G2/A2 and G2/A3.
(b) Viscosity of G2/A2 and G2/A3.
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calculated as 280 and 80 molecules, respectively (see, Ref [17]). The number of G2 on
G2/A2 is much higher than that of G2/A3. DSC trace for G2/A2 shows the first endotherm
at 9°C a second broad endotherm around 220°C. On the other hand, SAXS measurements
reveals that G2/A2 forms a hexagonal superlattice (HS) LC structure below 130°C, and it
exhibits a simple cubic (SC) LC structure at 150°C. However, an endothermic peak derived
from phase transition from the HS phase to the SC phase is not observed by the DSC
measurement. To catch the phase transition, we focused on rheological analysis. Figure 6
(a) summarizes temperature variable dynamic viscoelastic curves of G2/A2 and G2/A3.
Here, G’ and G’ of G2/A2 are plotted as G’ gz/a2 and G’ gy/az. Further, G’ and G’ of G2/A3
are also shown as G'gya3 and G gza3. Compared with tanday, both values of tandgz/az
( = G"gaua2/G gaaz) and tandgyaz ( = G gua3/G gaa3) are stable and measurable until
ca. 120°C. The result suggested that G2/A2 and G2/A3 show higher viscoelastic stability
than the corresponding DT-modified A1 NPs. Such increase in the stability might be due
to steric repulsion of G2 on the gold surfaces to prevent aggregation of the gold NPs.
In the case of G2/A2, G'ga/a2 and G gy/a2 decreased with increasing in temperature due
to thermal motions of alkyl chains of G2. The value of tandgz/a2 exceeded 1.0 at 92°C,
so that fluidity increased. As fluidity increased, G2/A2 formed the LC HS structure. This
behavior is similar to G2 forming the self-organized Col, LC structure. Above 120°C,
tandga/a2 became gradually unstable and diverged. Here, G2/A2 was thermally stable until
ca. 170°C, determined by TG-DTA and SAXS measurements. Furthermore, irreversible
aggregation, observed in the case for A1, was not seen for G2/A2. These results suggests
divergence behavior observed here is not derived from the decomposition and/or detachment
of thiols on the surface of G2/A2 but derived from drastic decrease in the viscosity. Actually,
viscosity of G2/A2 (nga/a2) rapidly decreased from 3.4 x 10° Pa-s at 40°C to 2.2 x 10!
Pa-s at 130°C (Figure 5 (b)). In such low viscosity area, dynamic viscoelastic measurement
applying with 5% of strain involves measurement deviation problems. The drastic change in
nGa/az of G2/A2 on its heating is the most likely cause of the transition from the metastable
HS to the stable SC phase. On the other hand, as shown in Figure 6 (a), even though the
dynamic viscoelastic behavior of G2/A3 were similar to those of G2/A2, G2/A3 only
forms amorphous-like structure. However, viscosity of G2/A3 (ng2/a3) at 130°C is 1.3 x
102 Pa-s and is 6 times higher than that of G2/A2. In order to obtain an ordered structure in
G2/A3, it may therefore be necessary to anneal the material for longer time and/or at a still
higher temperature. This would, however, expose the material to the risk of degradation.
Form this point of view, dense surface modification of G2 on the gold NPs is a most
plausible critical role to reduce the viscosity. Furthermore, the present report demonstrated
that the large difference in the viscosity might also contribute to introduce LC behavior into
NPs.

4. Conclusion

We have investigated the viscoelastic behavior of LC dendron G2 and G2-modified gold
NPs A2 and A3 by rheological analyses. SAXS and DSC measurements revealed that
G2/A2 forms a hexagonal superlattice LC structure below 130°C, and a simple cubic
LC structure at 150°C. However, endotherms (exotherms) corresponding to these phase
transitions could not be observed due to their low rate. Dynamic mechanical measurements
have demonstrated that these transitions are kinetically controlled, and are triggered by
the steep decrease in viscosity associated with the glass transition. Furthermore, the study
highlights the importance of lowering the viscosity for the introduction of order into NP
systems, and provides a quantitative scale to this already suspected empirical rule. The
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results shown here should thus help future design and synthesis of NP-based functional
materials.
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