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Abstract 

Self-assembly of nanorods (NRs) enhanced by functionalization with liquid crystals (LC) 

ligands has been demonstrated. 

  First, CTAB (cetyltrimethylammonium bromide) coated gold NRs were prepared in wa-

ter through a modified one-step seed growth process. The hydrophilic GNRs were then 

converted into hydrophobic NRs employing a surface modification process using liquid 

crystalline organosilanes.  

  The functionalized GNRs were characterized by TEM (transmission electron micros-

copy) and SAXS (small angle X-ray scattering) to investigate the packing mode of the 

GNRs. The results propose models of the assembly of the GNRs depending on nature and 

connectivity of the attached liquid crystal molecules. Furthermore, a macroscopic orienta-

tion of the GNRs doped in LC was achieved via an alignment technique of the liquid 

crystal host. SAXS analysis of the doped DLC indicated modification of lattice parame-

ters due to the insertion of the DLC-GNRs, which resulted in an enhancement of the 

charge carrier mobility.        
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Chapter 1 

Introduction 

Traced back to 1888, when F. Reinitzer
[1]

 was conducting melting point measurements of 

an organic compound, an opaque cloudy phase was observed during heating before the 

compound reached the clear liquid phase. One year after, O. Lehmann
[2]

 observed a simi-

lar phenomenon and discovered crystalline properties of this new-found liquid 

mesophase. However, academia had not paid too much attention to this new state of mat-

ter until the publication of a review article by G. H. Brown
[3]

 from Kent State University, 

which covered almost 500 papers published from 1888 to 1956. Researchers from various 

nations started to work on this new field and many interesting features of liquid crystal 

materials have been discovered since then, such as electro-optic switching and a fascinat-

ing array of self-assembled structures. Nowadays, research topics that relate to liquid 

crystal materials are crossing the boundaries of all kinds of research fields including elec-

tronics, optics, nanotechnology, polymers, biology, and medical treatments etc.     

    Currently, nanotechnology has become one of the most attractive research topics 

worldwide. The importance of nanotechnology has been acknowledged both by academia 

and industry. The most straightforward example is the rapid development of semiconduc-
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tor chip industry. The exponential growth of both the calculation speed and the storage 

capacity of computers (4 times in every 3 years) are achieved by reducing the sizes of 

every unit in the chips employing nanolithography technology. However, the limited 

resolution of lithography makes this technique not able to etch scales smaller than several 

tens of nanometers. Self-assembly of premade nanoparticles into certain designed align-

ment is considered to be a feasible bottom-up approach for fabricating the new generation 

of nano-sized devices. The beauties of nanotechnology are far more than just small size. 

Due to quantum confinement effects, nano-scaled materials may show unique features in 

many properties such as thermodynamic, optical, electrical, magnetic, and chemical, 

compared with the corresponding bulk phase. The macroscopic properties of nanomateri-

als are not only decided by the size and the shape of the nanoparticle, but also affected by 

the arrangement, the self-assembly of the nanoparticles. 

1.1 Liquid Crystals 

Most pure organic compounds have sharp melting points, turning into a clear isotropic 

liquid directly from the anisotropic crystal when heated. On the other hand, some com-

pounds (such as cholesterol esters) will experience mesophases during melting, which 

appear to be a cloudy liquid, before turning into a completely clear liquid. This optical 

feature is derived from the anisotropic structure of the mesophase liquid, indicating that 

there is still a certain degree of molecular ordering character in one or more dimensions. 

Liquid crystal phases possess both the fluidity and continuity of a liquid as well as the 

anisotropy of a crystal, hence the name “liquid crystals”.
[4]

 As a matter of fact, liquid 
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crystals (LCs) can be divided into two categories according to the conditions and compo-

nents for the formation of LC phases: thermotropic LCs and lyotropic LCs. As the names 

suggest, thermotropic LCs form due to the change of temperature, and only exist in a cer-

tain temperature range. Thermotropic LCs are commonly formed from a single compo-

nent; while lyotropic LC phases are normally formed from mixtures of compound(s) and 

solvent(s), and the phases vary depending on the concentrations of the compound(s). In 

the work of this thesis, only thermotropic LCs have been involved. 

1.1.1 Liquid Crystal phases and molecular structures 

Thermotropic liquid crystals can be further divided into three types based on the shape of 

the molecular constituents:
[5]

 (Fig. 1.1) calamitic (rod-like), bent-core (banana-shape) and 

discotic (disk-like). Generally speaking, the structure of liquid crystal molecules is ani-

sometric (i.e. the length of at least one molecular axis significantly differs from the other 

two). The LC molecules normally have a rigid aromatic core, and conjugated systems are 

usually introduced to restrict core deformation and allow for π-π interactions. The forma-

tion of LC phases is mainly driven by the segregation of chemically incompatible sub-

units such as the rigid aromatic core and flexible alkyl chains. Calamitic LC molecules 

can form nematic, smectic, and even columnar phases 
[5]

. Bent-core LC molecules form 

mostly smectic phases and even chiral smectic phases, while discotic LC molecules 

commonly form nematic (ND and NCol) and columnar phases (Fig. 1.2). 
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Figure 1.1. Molecular shapes forming themotropic liquid crystal phases. (Adapted from 

ref. 5) 

     

The nematic phase is the least ordered LC phase. The molecules only possess orienta-

tional ordering and no positional ordering (Fig. 1.2). The nematic phase generally forms 

when the volume fraction of the rigid core is far higher than that of the side chains in the 

LC molecules.
[5]

 The anisotropic molecules tend to be aligned with their long molecular 

axis (for calamitic LC molecules) or short molecular axis (in the case of discotic LC 

molecules) parallel to some common axis, named director n. The direction of n is arbi-

trary in space, but in practice can be imposed by external forces such as surface anchor-

ing force and applied electric or magnetic field. The order parameter S
[6]

 can be defined 

as: 

                                                      S = ˂ 3cos
2

 - 1 >                                                  (1.1) 
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where  is the angle between the molecular axis and the director n. The angular brackets 

indicate the average value during certain space and time. It is not hard to deduce that S = 

1 when all molecules are parallel to the director n (  = 0 º or 180 º). On the other hand, if 

the molecules are randomly oriented, < cos
2

 > = , with the result that S = 0. Typically, 

the order parameter S of nematic LCs is in the range of 0.3 – 0.8, which is temperature 

depended. Increasing temperatures reduce the value of S, and the value becomes 0 when 

the temperature hits the clearing point, which is the transition temperature between any 

mesophase and the isotropic liquid phase on heating, indicating that the LC phase turned 

into an isotropic liquid. The concept of the order parameter S can be applied to other ani-

sotropic systems, such as nanorods doped into discotic LC phases discussed in chapter 4 

of this thesis.  

    Smectic phases are LC phases with both orientational and positional order (Fig. 1.2). 

The two most important smectic phases
[7]

 are the smectic A phase (SmA) where the 

molecules are aligned with the long molecular axis perpendicular (averaged over time) to 

the layer plane, and the smectic C (SmC) phase where the molecules are tilted from the 

plane normal. Smectic phases are usually observed for rod-like molecules with longer 

hydrocarbon chains and normally below the nematic phase on cooling because smectic 

phases are higher ordered than nematic phases.      
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Figure 1.2. Schematic diagrams of the main types of themotropic LC phases structures. 

Abbreviations: Nu = uniaxial nematic phase, ND = discotic nematic phase, NCol = colum-

nar nematic phase, SmA = smectic-A phase, SmC = smectic-C phase, Colr = rectangular 

columnar phase, Colob = oblique columnar phase, Colh = hexagonal columnar phase. 

(Adapted from ref. 5) 

    Discotic LCs are comparatively speaking new materials. The first LC phase formed by 

disk-like molecules was reported by Chandrasekhar
[8]

 in 1977. From the example in Fig. 

1.1, a discotic LC molecule is normally composed of an aromatic core (usually poly-

cyclic) and several flexible side chains to prevent the compound from crystallization. The 

aromatic disk-like core can be composed of various polycyclic aromatic units, such as (a) 

triphenylene, (b) perylene, (c) coronene, (d) hexabenzocoronene and (e) truxene. In the 

work of this thesis, only triphenylene based discotic LCs are discussed.  
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(a) (b) (c) (d) (e)

 
Scheme 1.1. Polycyclic aromatic cores for discotic liquid crystals 

Disk-like molecules tend to pack into columns with aromatic planes stacked together 

due to the strong π-π interactions, and the columns can be further organized into arrays 

with various symmetries such as rectangular (Colr), oblique (Colob), or hexagonal (Colh) 

(Fig. 1.2). 

As mentioned above, various forces can manipulate the direction of the orientational 

director n. In fact, the alignment of LCs is one of the most important techniques in the 

current LC displays (LCD) industry. The orientation of LCs in a LCD device is under 

very fine control by adjusting the external electric field force against the surface anchor-

ing force to tune the transmittance of light of the LC layer, so that the light intensities of 

the three-primary colors in each pixel can be varied to give thousands of different colors.  

In order to reach homogeneous alignment by surface anchoring forces, the surface of 

the substrates should be pre-treated, mechanically or chemically. The simplest way to 

achieve planar alignment, which means the director n is parallel to the substrate surface, 

is to rub the surface, normally coated by thin layer of polyimide, with a velvet cloth in 

some defined direction. For obtaining homeotropic alignment, indicating that the director 

n is perpendicular with the substrate surface, the substrate needs to be pre-treated with a 

surfactant, such as lecithin. In the case of discotic LCs, planar alignment can be achieved 

by simply shearing the substrate in one direction mechanically. The homeotropic align-

ment of discotics can be achieved in many ways such as chemical treatment,
[9]

 IR radia-
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tion,
[10]

 and the application of an external magnetic field.
[11]

 Magnetic fields have for ex-

ample been employed for the alignment of nematic and smectic LCs.
[12]

 In fact, most or-

ganic aromatic compounds are diamagnetic materials, and their diamagnetic susceptibil-

ity is much higher in the direction when the magnetic field penetrates through the ring 

plane due to the induced circuit of delocalized electrons in aromatic rings (△χ = χ‖ - χ⊥). 

This anisotropy of the diamagnetic susceptibility aligns the molecules in the magnetic 

field with the ring plane parallel to the magnetic field to stay in a lower energy state. The 

magnetic susceptibility of a liquid crystal material is defined as △χ' = N△χS, where N is 

the number of LC molecules and S is the order parameter. The free energy density
[6a]

 of 

liquid crystals in a magnetic field can be defined as: 

                                              f = -µ0△χ' (n·H)
2
                                                             (1.2) 

where µ0 stands for the magnetic permeability of vacuum, n is the director of the LC 

phase and H is the applied magnetic field. The equation indicated that the free energy be-

come lowest (△χ' > 0) when the director n parallel with the magnetic field. Theoretically, 

considering a sufficient number of LC molecules, the free energy should be low enough 

to overwhelm the thermal agitation energy kT (k is the Boltzmann constant, T is the tem-

perature) and achieve a uniform alignment of the LC molecules controlled by the applied 

magnetic field. 

1.1.2 Characterization of Liquid Crystal phases 

1.1.2.1  Polarizing Optical Microscopy (POM) 
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Due to the anisometric shape of LC molecules and the anisotropic structures of the LC 

phases formed, LCs possess birefringence, which will give various optical textures for 

different LC phases under a polarizing optical microscope. Birefringence is the optical 

property of materials that have different refractive indices of light depending on the 

propagation direction within the material. When light enters a birefringent material, such 

as a nematic liquid crystal sample, the incident light will be broken up into a fast (called 

the ordinary ray) and a slow (called the extraordinary ray) component. Because the two 

components travel at different velocities, when the rays recombine as they exit the bire-

fringent material, the polarization state will be changed because of this phase difference. 

Fig. 1.3
[13]

 is the basic configuration of a POM system. Light from the bottom is plane 

polarized once it passes a polarizer and then hits the birefringent sample where it is split 

into two orthogonal rays, ordinary and extraordinary. The combined rays can partially 

pass through the analyzer due to the change of polarization. Rays derived from different 

spots of the sample have varied phase alteration between the ordinary and extraordinary 

rays, and because of the interference, the recombined light will have various wave-

lengths, hence presenting a colorful texture basically indicating some structural informa-

tion of the analyzed birefringent sample. Without any sample present in the holder, light 

will not pass the crossed polarizer-analyzer couple, thus the field of view will be com-

pletely dark. In addition, when the polarization of incident light is parallel with either the 

ordinary or extraordinary direction of the sample, light will not be broken up into the two 

components and no change of polarization occurs. Hence no light will pass through the 

90° crossed polarizer above the sample (the analyzer), which will also lead to a dark field 

of view.      
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Figure 1.3. Polarizing Optical Microscopy configuration 

[13c]
 

    Fig. 1.4 shows some typical texture images of LC phases observed by POM. Fig.1.4a 

is an example of a Schlieren texture from a nematic LC phase. Schlieren textures exhibit 

sets of dark brushes, corresponding to local molecular orientations where the director n of 

the LC domains are parallel to one of the polarizers. Fig. 1.4b is the POM image of a mo-

saic texture from a hexagonal columnar LC phase. The texture presents larger areas of 

segregations of the LC domains, which are separated by grain boundaries. In each do-

main, the columnar phase has a uniform director orientation, which gives an even optical 

appearance. 

 
Figure 1.4. Typical LC textures from POM: (a) Schlieren texture of nematic phase 

[13e]
; 

(b) mosaic texture of discotic Colh phase 
[13f]

. 

1.1.2.2 Differential Scanning Calorimetry (DSC) 
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    To obtain phase transition temperatures of LCs, DSC is a commonly used approach. 

The principle of DSC is based on the change of the amount of heat absorbed or released 

during the phase transition processes. As shown in Fig. 1.5, the sample is first sealed in 

an aluminum pan, and then placed in a separated furnace from the reference, which is an 

empty aluminum pan. When phase transitions occur in the sample, heat will be consumed 

or released from the sample to the environment, which will cause a temperature inequiva-

lence, detected by a number of well-distributed thermocouples. In order to keep the bal-

ance between the sample and the reference, power will be applied or removed by the 

calorimeter to compensate for the energy uptake or release of the sample. The amount of 

the power required to maintain the system in equilibrium is directly proportional to the 

energy changes occurring in the sample.  

 

Figure 1.5. Schematic Illustration of the heat-compensation DSC. (adapted from ref. 13a) 

    Fig. 1.6 is an example of a DSC curve for 8OCB (4-cyano-4’-octyloxybiphenyl) with a 

phase sequence on cooling of Iso 81 N 67 SmA 26 Cr. The positive and negative peaks 

are corresponding to the phase transition temperatures during cooling and heating process 

respectively. Isotropic 8OCB turns to nematic phase at 81 ºC, then to the SmA phase at 

67 ºC and finally crystallizes at 26 ºC. The Isotropic to nematic transition is slightly 

shifted to lower T values in the upper curve during cooling compared with the heating 
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run, and partially because of supercooling, partially because of instrumental hysteresis. 

The SmA to crystal transition is strongly depressed from 55 ºC (transition temperature on 

heating) to 26 ºC during cooling which is mainly due to supercooling of the LC phase.  

 

Figure 1.6.  DSC plots of 8OCB with phase transitions. (adapted from ref. 13b) 

1.1.2.3 X-ray Diffraction 

    XRD has been used to investigate the microstructure of crystal phases. Diffraction is a 

phenomenon that occurs when radiation is elastically scattered from atoms in a sample. In 

a given direction, the intensity of the scattering depends on the spatial distribution of the 

atoms, which makes XRD a powerful probe in the static structure of ordered crystalline 

phases. For one particular set of lattices, constructive interference of rays scattered by 

successive planes will only occur when the path difference (2d sinθ) equals an integer 

number of the wavelength of the ray (Bragg’s Law, Fig. 1.7 a): 

      2d sin θ = n λ                                                         (1.4) 
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Where d is the space between the planes, θ is the angle of incidence. 

    Figure 1.7b shows a 2D XRD diffraction pattern of silver behenate, which has a large 

number of well-defined diffraction peaks especially in the low angle diffraction range, 

commonly used as a standard compound for calibrating XRD orthogonal plots. Figure 

1.7c shows an example of XRD plot of a Colh phase. The scattering vector q represents 

the space separation of liquid crystal molecules or subunits (q = 2π / d). Larger magni-

tude of q indicates stronger diffraction, corresponding to smaller space distance d. In fig-

ure 1.7c is a XRD plot of hexahexyloxytriphenylene (H6TP) taken at 80 ºC, where d3 in-

dicates the space between the stacking of the polyaromatic disks, d2 represents the space 

between the alkyl side chains, and d1 is the distance between the stacked aromatic cores 

within the columnar aggregates. 
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Figure 1.7. a) Bragg’s law of XRD in a crystalline lattice (adapted from ref. 13d); b) 2D 

diffraction pattern of silver behenate; c) A typical XRD orthogonal plot of Colh liquid 

crystal phase, q is scattering vector. 

1.2 Gold Nanorods 

Noble metal nanoparticles attract significant attention from ongoing research due to the 

surface plasmon resonance (SPR) absorption
[15]

. One of the most obvious phenomena re-

sulting from the SPR is the color variation of the colloidal suspensions depending on the 

size and shape of the dispersed nanoparticles and the dielectric constant of the surround-

ing medium
[16]

. The frequency of surface plasmon oscillations of gold and silver is usu-

ally in the visible light region. Free electrons in metals are free to travel within the mate-

rial. The mean free path of electrons in gold and silver is ~50 nm. Thus, for particles 
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smaller than this scale, no scattering is expected from the bulk, and all interactions should 

be with the surface. Fig. 1.8a represents a SPR mechanism derived from coherent interac-

tion of electrons in the conduction band with the incoming light. The electron distribution 

in the particle is polarized to one end as the wave front of light passes, and oscillates in 

resonance with the light frequency, causing a strong absorption of the light, which can be 

determined by absorption and scattering spectroscopy. The spectra are affected by the 

size and shape of the nanoparticles (Fig. 1.8b). Spherical nanoparticles usually show an 

absorption band around 500 nm, varying slightly as the size changes. As for anisotropic 

gold nanorods, the absorption band splits into two, known as transversal (short wave-

length) and longitudinal (long wavelength) SPR absorption bands. More interestingly, 

nanorods possess tunable optical properties. This unique property provides gold nanorods 

valuable applications in imaging
[17]

, sensing
[18]

, biology, and medicine
[19]

.      
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Figure 1.8. a) Origin of surface plamon resonance; b) SPR absorption of various sizes 

and shapes of gold nanoparticles. (reprinted with permission from ref. 16) 

1.2.1 Synthesis of Gold Nanorods 

The essence of the formation of rod-like, often termed one-dimensional or 1D nanoparti-

cles such as nanorods and nanowires is crystallization, from a vapor, liquid or ionic state, 

which involves two steps: nucleation and growth. Fig.1.9 shows some strategies of the 

synthesis of 1D nanostructures
[20]

: a) introduction of a liquid-solid interface to confine the 

growth direction of a seed; b) directed through the use of various templates with 1D mor-
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phologies; c) kinetic control through appropriate usage of supersaturate capping agent to 

modify the growth habit of a seed; d) guided self-assembly of spherical nanoparticles.     

 

Figure 1.9. Schematic illustrations of some strategies for the achievement of 1D 

nanostructures. (reprinted with permission from ref. 20) 

For the synthesis of metallic colloidal nanoparticles, some approaches involve the us-

age of capping agents as shown in Fig.1.9c. Gold nanorods can be synthesized in the 

presence of surfactants in aqueous media by a seed-growth method developed by Jana et 

al.
[21]

. A typically reported seed-growth method has two steps. First is the preparation of 

the seed solution. A HAuCl4 aqueous solution with certain concentration (2.5 × 10
-4

 M) is 

mixed with same amount of tri-sodium citrate, followed by adding a small amount of so-

dium borohydride under vigorous stirring to produce nanoparticles with the size of 3.5 ± 

0.7 nm. The second step is injecting a small portion of seed solution into a growth solu-

tion made from same concentration of HAuCl4 and 0.1 M hexadecyltrimethylammonium 

bromide (CTAB), reduced by ascorbic acid (0.1 M) from Au
3+

 to Au
+
. This method pro-

duces gold nanorods with aspect ratio around 4.6. For the synthesis of gold nanorods with 

higher aspect ratio, a three-step method was developed (Fig. 1.10)
[22]

. 1.0 mL seed solu-

tion was added in to 9.0 mL growth solution to make solution A. After 4-5 h, 1.0 mL so-

lution A was added in to another 9.0 mL growth solution. The resulting solution B was 

added to 90 mL of growth solution after 4-5 h to make solution C, which contained gold 

nanorods with aspect ratio 13 after a few hours’ growth. One of the weak points of this 
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approach is that the yield of rod-shaped particles is lower than 50%, and the final solution 

contains significant amount of spheres and plates, which create challenges for the separa-

tion and isolation of nanorods.        

 

Figure1.10. Three-step seed-growth approach for the synthesis of high aspect ratio gold 

nanorods. (reprinted with permission from ref. 22) 

A modified seed-mediated growth approach reported by El-Sayed et al.
[23]

 demon-

strated that the yield of nanorods can be almost 100% with very tiny amount of spheres 

and other shapes less than 1%. The two strategies of modification are replacement of the 

citrate for seed solution with CTAB, and adjusting the concentration of Ag
+
 ions as an 

additive in the growth solutions. The role of Ag
+
 is found to be critical for the growth of 

gold nanorods. Murphy et al.
[24]

 demonstrated that with the presence of ~5% of Ag
+
 the 

yield of nanorods raised to nearly 100% compared to ~30% in the absence of Ag
+
. More-

over, by increasing the Ag
+
 concentration, the longitudinal plasmon band red-shifted, in-

dicating an increase in the aspect ratio of the gold nanorods. One possible explanation
[23]

 

would be that Ag
+
 ions are present as Ag-Br species between the head groups of the sur-

factant, which may decrease the charge density on the bromide ions resulting in less re-

pulsion between the neighbouring head groups on the surface of the gold particles. In 

turn, this may assist in the formation of elongated surfactant templates. In exploring the 
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influence of various synthetic parameters on gold nanorod growth, other parameters in 

the growth step have been examined. In the two step seed-growth method mentioned 

above, the concentration of CTAB is required to be as high as 0.1 M for obtaining a high 

yield of nanorods, and the concentration of HAuCl4 around 0.001 M is demonstrated to 

be optimized for obtaining high aspect ratio gold nanorods
[23]

. In addition, gold seeds 

with smaller size were discovered to produce higher aspect ratio gold nanorods
[25]

.  

Other strategies have been developed to grow higher aspect ratio gold nanorods. One 

example is the use of aromatic additives
[26]

. The addition of appropriate amounts of so-

dium salicylate to the CTAB growth solution is an efficient way to synthesize gold nano-

rods with a longitudinal SPR absorption band greater than 900 nm. This suggests that the 

mechanism of the influence of the aromatic additives may lie with the modification of the 

interface or interaction between the cationic CTAB micelles and the developing gold 

nanorods. Koeppl et al.
[27]

 have demonstrated that the average aspect ratio of gold nano-

rods can be varied between 8 to 19 by adjusting the use of H2O-D2O mixtures as the sol-

vent for the growth solution. The most likely mechanism considers involvement of con-

tributions of O-D bond in the rate-determining step, which leads to a slower reduction of 

Au
+
 ions to gold atoms and higher morphological selectivity for the crystallization to 

form gold nanorods. 

The growth mechanism of gold nanorods in the presence of CTAB has been proposed 

as showed in Fig.1.11
[22]

. As the nucleation of the gold seed develops to form particles 

with different crystalline facets, the surfactant molecules may preferentially bind to cer-

tain facets. In this mechanism, CTAB molecules are suspected to direct the growth of 
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gold nanorods by blocking the long axis crystal faces, and so favoring the growth on the 

short axis faces to make rod-like particles.  

 

Figure 1.11. Schematic illustration of the growth mechanism of gold nanorods synthe-

sized in supersaturated CTAB aqueous solution. (Reprinted with permission from ref. 22) 

1.2.2 Characterization Methods of Gold Nanorods 

One of the most attractive properties of gold nanostructures is their SPR optical absorp-

tion. As mentioned above, gold nanostructures possess strong absorption in the visible 

and near IR wavelength range due to the localized SPR of noble metals. The absorption 

band is highly dependent on the size, the shape, and the dielectric constant of the sur-

rounding medium 
[28]

. For gold nanorods, the longitudinal surface plasmon resonance 

(LSPR) absorption band depends on the aspect ratio of the nanorods. Fig.1.12
[23]

 is show-

ing the correlation of the LSPR absorption band wavelength and the aspect ratio of gold 

nanorods. In this thesis, the gold nanorods synthesized have LSPR band around 800 nm, 
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which corresponding aspect ratio of ~3, confirmed by transmission electron microscopy 

(TEM).   

 

Figure 1.12. The linear plot of the correlation between the LSPR absorption band and the 

aspect ratio of gold nanorods. (Reprinted with permission from ref. 23)  

TEM is well acknowledged to be a more straightforward characterization approach for 

the morphology determination of nanostructures. The resolution of TEM is decided by 

the wavelength of the electron beam and the aberrations of the image forming lenses. 

Modern TEM commonly has a point-to-point resolution of about 0.2 nm, which endows 

TEM a reliable and accurate solution in the measurement of size, space, shape, and even 

atomic structure of nanomaterials. 

1.3 Self-Assembly of Nanoparticles 

Certain applications of nanomaterials require collective properties of nanoparticles for the 

construction of nanoscale devices
[20, 29]

. For achieving super-structures of nanoparticle ar-

rays, two strategies are normally applied: a top-down approach from a bulk material 

through lithographic techniques and a bottom-up approach achieved by the self-assembly 
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of individual nanoparticles. The latter approach has been broadly investigated by re-

searchers due to the advantage of overcoming the resolution limitation of lithographic 

techniques confined by the beam wavelength
[30]

. Moreover, self-assembly of nanoparti-

cles into functional structures enables the fabrication of real 3D nanoscale devices
[31]

. Es-

pecially for non-spherical nanoparticles, 2D or 3D ordered self-assembly is essential for 

the fabrication of functional nanoscale electronics
[32]

. The self-assembly process of 

nanoparticles occurs driven by the energetics of the system to form ordered and func-

tional aggregates. One of the most important principles of self-assembly are the interac-

tion energies between the building blocks, acting as a main driving force of the assembly 

of the subunits in the resulting super-structure. The interaction energies can be sorted into 

three categories
[33]

: molecular interaction energies, macroscopic interaction energies, and 

interactions based on hydrogen bonding, hydrophobic and hydrophilic effects. Molecular 

interaction energies include Coulomb interactions, van der Waals interactions and short-

range repulsive interaction. Macroscopic interaction energies are mainly decided by van 

der Waals attraction and electrostatic repulsive energy between two nanoparticles. Hy-

drophobic surfaces will cause water molecules to reorient themselves with the charges 

pointing away from the surfaces so that a hydrophobic hydration layer will be produced. 

As a consequence, hydrophobic attraction occurs between hydrophobic molecules and 

surfaces, because of the rearrangement of the hydrogen bond configurations in the over-

lapping salvation zone as the two hydrophobic surfaces come closer. Contrary to hydro-

phobic molecules, hydrophilic molecules can be associated with water molecules and 

tend to repel each other in water. 
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 In general, stimulations for inducing the self-assembly of nanoparticles can be divided 

into four categories
[34]

: 1) assembly by the attraction forces between nanoparticles occur-

ring in colloidal solutions; an example is shown in Fig.1.13
[35]

; 2) assembly at various 

types of interfaces; 3) assembly induced by external fields; and 4) assembly induced by 

templates. 

 

Figure 1.13. Schematic illustration of several self-assembly behaviors of nanoparticles: 

A) capillary interactions near the contact line; B) hydrophobic interactions created by se-

lective surface functionalization; C) depletion attraction in bulk. (Reprinted with permis-

sion from ref. 35) 

1.3.1 Self-Assembly of Nanorods 

Earlier reports on the self-assembly of nanoparticles mainly involved a solvent evapora-

tion process on suitable substrates to form 2D monolayer arrays
[29e, 30, 36]

. It did not take 

too long for the attention on the self-assembly of spherical nanoparticles to turn to 1D 

nanorods
[37]

.  

Kumacheva et al.
[38]

 developed a strategy for inducing the self-assembly of nanorods 

by functionalizing them with hydrophobic ligands (such as polystyrene, octadecylphos-

phonic acid, or hexylphosphonic acid), followed by adding polar solvents (water or 

DMF) into nanorod dispersions in non-polar organic solutions (toluene) to reduce the 
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solubility of the surface ligand, thus causing their attraction to form assemblies of at-

tached nanorods in an end-to-end
[38c]

 (Fig.1.14a) manner. A side-by-side
[38b]

 assembly of 

Au-tipped CdSe nanorods (Fig.1.14b) has also been achieved by applying this approach.  

Manna et al.
[37g]

 demonstrated a self-assembly approach for nanorods employing de-

pletion attraction, defined as
[55a]

 an effective attractive force that arises between 

large colloidal particles that are suspended in a dilute solution of depletants, which are 

smaller solutes that are preferentially excluded from the vicinity of the large particles. 

The assembly was triggered by adding additives such as long alkyl chain fatty acids and 

amines, the liquid crystal 4’-n-pentyl-4-cyanobiphenyl (5CB), oleic acid, or polymers 

(polystyrene, polyethylene glycol methacrylate) into the nanorod dispersions in organic 

solvents to form close-packed hexagonally ordered monolayer arrays. The exclusion of 

the additives from between the nanorods resulted in a local concentration gradient, which 

led to the close packing of the nanorods (Fig.1.14 c & d). 

 
Figure 1.14. a) TEM image of end-to-end assembly of nanorod 

[38c]
; b) TEM image of 

side-by-side nanorods assembly
[38b]

; c, d) schematic illustration of depletion attraction of 

nanorods and TEM image of assemblies
[37g]

. (Reprinted with permission from ref. 38c, 

38b, and 37g) 

http://en.wikipedia.org/wiki/Colloidal
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Hydrogen bonding and electrostatic attraction were also considered to be effective fac-

tors for inducing the self-assembly of nanorods. Thomas et al.
[39]

 demonstrated that hy-

drogen bonding between 11-mercaptoundecanoic acid or 3-mercaptopropionic acid mole-

cules attached on the ends of nanorods was the key factor for the nanorods to form end-

to-end assemblies. The same research group also reported that gold nanorods functional-

ized with glutathione and cysteine possessed a high tendency to form end-to-end assem-

blies due to the cooperative electrostatic attraction between the zwitterionic groups of the 

functional ligands
[40]

.  

The formation of covalent bonds was also investigated as a trigger for the self-

assembly of nanorods. Thomas et al.
[37d]

 utilized α,ω-alkanedithiols as bridge to connect 

nanorods to form chains. The kinetic investigation of the formation of nanochains sug-

gested that the assembly process was reaction-controlled due to the large activation en-

ergy of nanorod dimerization. Their further work
[41]

 demonstrated that the angle of the 

nanochain can be modified by changing the rigidity of the bridge molecules (1,2-

phenylenedimethanethiol and 1,6-hexanedithiol), which was promising in the studies of 

plasmon coupling effects (where the coupling of nanorods in well-defined arrays affects 

particularly the wavelength of loggitudinal SPR band) depending on the packing mode of 

the nanorods.  

Bio-recognition systems are also a promising approach for the assembly of nanorods. 

The interactions between bioorganic molecules such as oligonucleotides
[42]

, avidin-biotin 

[37a, 43]
, and antibody-antigen binding

[37c, 44]
 have been investigated as the driving force for 

the self-assembly of nanorods. Mann et al.
[42a]

 reported gold nanorods functionalized with 

thiolated complementary oligonucleotides. As a result, large-scale uniaxial organization 
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of metallic nanorods was tailored by using the specific DNA duplex hybridization forma-

tion. With the same strategy, Pan et al. 
[42b]

 obtained end-to-end self-assembly of gold 

nanorods. Instead of using complementary oligonucleotides in the earlier report, Pan et 

al. functionalized nanorods with non-complementary thiolated oligonucleotides, and the 

self-assembly was triggered by adding a target oligonucleotide, which is half-

complementary with the immobilized molecules on the nanorods, to construct assemblies 

(Fig.1.15).   

 

Figure 1.151. Scheme of assembly of oligonucleotide functionalized gold nanorods trig-

gered by adding a target oligonucleotide. (Adapted from ref. 42b) 

1.3.2 Self-Assembly of Nanoparticles Guided by Liquid Crystals 

Liquid crystals doped with nanoparticles have been investigated for some time and fre-

quently show altered electro-optical properties in emerging display related applications
[5, 

45]
. On the other hand, nanoparticles can show enhanced self-assembly behavior guided 

by liquid crystal molecules. The first successful attempt of orienting 1D carbon nano-

tubes (CNTs) was reported by Patrick et al.
[46]

. They have demonstrated that well-

established alignment approaches for liquid crystals such as grooved surface and an ex-

ternal magnetic field can be employed for manipulating the orientation of single or multi-

walled carbon nanotubes dispersed in room-temperature nematic liquid crystals. Dierking 

et al.
[47]

 further demonstrated that the orientational behavior of carbon nanotubes can be 

preselected and determined through the self-ordering properties of a nematic LC host, 
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and the dispersed carbon nanotubes can be reoriented by reorienting the LC director field. 

Lagerwall et al.
[48]

 reported successful uniform alignment of carbon nanotubes dispersed 

in lyotropic liquid crystals at a relatively large concentration. In order to improve the sta-

bility of carbon nanotubes dispersions in LCs, Lagerwall et al.
[49]

 indicated that the 

choice of the molecular structure of the LC host is critical. They also designed functional 

molecules for stabilizing CNT-LC dispersions, which were composed of a polyaromatic 

CNT-anchoring group connected with a targeted nematic LC mesogenic unit via a flexi-

ble spacer. Kumar et al.
[50]

 fabricated single-walled CNTs with triphenylene based dis-

cotic LCs and discovered an improved stability of CNTs dispersed in host discotic LCs 

with a fairly high doping concentration of up to 10% by weight. A minor shift of the 

phase transition temperatures of the host discotic LC after doping was confirmed by DSC 

and XRD, and these results proved that the order of the plastic hexagonal columnar phase 

(Colp) is destroyed to give normal hexagonal columnar (Colh) phase. More interestingly, 

XRD data supported a change in d-spacing of the inter-columnar distance. The intercala-

tion of functionalized CNTs into the matrix of the discotic LC host caused a significant 

shift of the inter-columnar d-spacing (increase from 1.60 to 2.39 nm (Fig.1.16). 

 
Figure 1.16. Schematic illustration of the insertion of CNTs into hexagonal columnar 

supermolecular order of a discotic LCs. (reprinted with permission from ref. 50) 
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Studies focusing on liquid crystal functinalized metallic nanoparticles have also been 

conducted in the search for novel LC-nanocomposite materials. Mehl et al.
[51]

 fabricated 

gold nanoparticles (~2 nm in diameter) functionalized with a monolayer of calamitic 

nematic LC mesogens. The functionalization process was achieved by a two-step ap-

proach. The gold nanoparticles were first coated with thiolated hydrocarbon chains, and 

then converted to the desired system by adding thiolated nematic LC molecules. The re-

sulting hybrid materials are chemically stable and exhibit nematic phase behavior ob-

served by DSC and POM. Their further work
[52]

 on this hybrid system discovered 3D or-

dered strings built by gold nanoparticles coated with LC mesogens (Fig.1.17). The func-

tionalized gold nanoparticles are covered with laterally attached nematogenic LC ligands 

and alkyl thiols at a ratio of 2:3.            

 

Figure 1.17. 3D assembly of gold nanoparticle coated with nematic LC ligands. a) 

Schematic illustration of the strings of gold nanoparticles jacketed with LC ligands; b) 

and c) are the TEM images from different tilted angles, insets are the corresponding elec-

tron-diffraction patterns. Scale bar = 20 nm. (Reprinted with permission from ref. 52)   

Gold nanoparticles functionalized with triphenylene-based mesogenic groups were 

synthesized and studied as well
[53]

. Yamada et al.
[53b]

 succeeded to achieve a controllable 

hexagonal self-assembly of triphenylene functionalized gold nanoparticles by changing 
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solvent polarities (Fig.1.18). The packing models of the triphenylene group due to the π-π 

interaction vary in different solvents and thus produce various self-assembled structures 

of the nanoparticles. Kumar et al.
[53a, 53c]

 doped triphenylene functionalized gold nanopar-

ticles into LCs and discovered that their insertion into a columnar matrix of discotic LC 

hosts contributed to the improvement of the conductivity of more than six orders of mag-

nitude compared with the neat LCs. Further work by the same group
[53c, 54]

 demonstrated 

that hexagonal columnar LC phases based on hexpentyloxytriphenylene molecules form-

ing nanoribbons out of chloroform-methanol solutions show even further enhanced con-

ductivity values after doping with triphenylene LC-functionalized gold nanorods. 

 
Figure 1.18. Self-assembly of triphenylene functionalized gold nanoparticles controlled 

by solvent polarity. RMT stands for the ratio of methanol and toluene. (Reprinted with 

permission from ref. 53b) 

1.4 Thesis Overview 

The work of this thesis focuses on the synthesis of gold nanorods, their functionalization 

with LCs ligands through a versatile silane condensation approach, the self-assembly be-
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havior of these LC-functionalized gold nanorods and their dispersion and alignment in 

the parent LC hosts.  

Chapter 2 presents a large area self-assembly of nematic LC-functionalized gold nano-

rods. Two kinds of nematic LC functional ligands were used, terminal and lateral, de-

cided by the anchoring chain to the nanorods, either parallel or perpendicular to the long 

molecular axis of the LC ligands. The self-assembly in monolayers was first investigated 

by TEM. The bulk phase packing model was tested by SAXS for both kinds of gold 

nanorods. Furthermore, the response of these nematic LC functionalized gold nanorods to 

an external magnetic field was investigated.  

Chapter 3 focuses on the fabrication and investigation of discotic LC-functionalized 

gold nanorods (DLC-GNRs). A triphenylene-based discotic LC was chosen as the func-

tional ligand. Again, the monolayer and bulk self-assembly behavior was investigated by 

TEM and SAXS, respectively. Mixtures of DLC-GNRs and DLC were made and filled in 

planar alignment cells. Polarized vis-NIR spectrophotometry was employed to investigate 

the orientation of the embedded DLC-GNRs, and SAXS was used to analyze the phase 

parameters of the doped DLC. 
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Abstract 

Fascinating nematic- and smectic-like self-assembled arrays are observed for gold nano-

rods partially capped with either laterally or terminally attached nematic liquid crystals 

upon slow evaporation of an organic solvent on TEM grids. These arrays can be manipu-

lated and reoriented by applying an external magnetic field from quasi-planar to vertical 

similar to a Fréedericksz transition of common organic nematic liquid crystals. Birefrin-

gence and thin film textures of these self-assembled gold nanorod arrays observed by po-

larized optical microscopy are strongly reminiscent of common organic nematic liquid 

crystal textures between crossed polarizers and, additionally, support the formation of or-

dered liquid crystal-like anisotropic superstructures. The ordering within these arrays is 

also confi rmed in bulk samples using small angle X-ray scattering (SAXS).    
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2.1 Introduction 

In the last few years, anisotropic metal nanostructures attract a great deal of interest com-

pared to their spherical counterparts owing to their unique shape dependent properties 

such as multiple plasmon bands, light absorption in the near infrared, enhanced electro-

magnetic fields at nanorod tips among others, promising various potential applications in 

optics and photonics.
 [1–7] 

Gold nanorods (GNRs), in particular have gained significant in-

terest due to their proven applications in sensing,
 [2–5] 

cellular imaging
 [3,8] 

and cancer 

therapy.
 [9] 

Obtaining ordered assemblies of GNRs over an extended area is an active re-

search topic in nanoscience since the resulting enhanced collective properties of such as-

semblies differ from the properties of their individual components. Organized GNR as-

semblies have attractive applications in surface-enhanced Raman spectroscopy and fluo-

rescence sensing.
 [10] 

Although great advances have been made regarding the self-

assembly of spherical metal nanoparticles, obtaining organized arrays of anisotropic 

nanorods with a tunable shape and size is still a challenging task because their assembly 

requires both orientational and positional ordering. Several strategies have been pursued 

to organize anisotropic nanorods into ordered superstructures.
 [4–6] 

Nikoobakth et al. re-

ported superlattices of GNRs by employing a mixture of the surfactants 

hexadecyltrimethylammonium bromide (HTAB) and tetraoctylammonium bromide 

(TOAB) as capping ligands.
 [11] 

The Langmuir-Blodgett technique was used by Kim and 

coworkers to demonstrate a pressure induced isotropic-nematic-smectic transitions of in-

organic nanorods.
 [12] 

Solvent evaporation on TEM grid was shown to result in the assem-
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bly of CTAB stabilized GNRs by Sau and Murphy.
 [13] 

Sreeprasad et al. utilized the 

charge neutralization of CTAB-capped GNRs by dimercaptosuccinic acid and EDTA, ul-

timately leading to the formation of one-, two-, and three-dimensional superstructures of 

GNRs.
 [14] 

Two- and three-dimensional arrays of hydrophobic GNRs by solvent evapora-

tion on a substrate were also reported by Mitamura and co-workers.
 [15] 

One of the first 

examples using soft matter templates was the self-assembly of GNRs into 1D and 2D 

structures using DNA as template.
 [16] 

More recently, three-dimensional superstructures of 

(1-mercaptoundec-11-yl)-hexa(ethylene glycol)-capped GNRs having a local smectic B 

order have been described by Hamon et al.
 [17] 

They employed a novel drying method in 

which GNRs crystallization was carried out between smooth surfaces and a topograph-

ically patterned stamp.  

In many of these above-mentioned systems, the assembly formation is carried out in 

aqueous medium and further manipulation of the formed assembly is quite difficult or 

impossible. Therefore, a versatile method for the large scale organization of GNRs allow-

ing for simultaneous formation and control over the morphology of the final self-

assembled superstructure would be a great advantage for technological application of the-

se materials.  

Herein, we describe a novel strategy to assemble GNRs into ordered superstructures by 

chemically functionalizing GNRs with an aspect ratio of about four with thermotropic 

nematic liquid crystals (LCs) simultaneously acting as stabilizing ligand as well as tuna-

ble template. Nematic LCs are one-dimensionally ordered fluids whose anisotropic struc-

tures gives rise to unique orientational, optical and electro-optical properties that can be 

easily controlled by external stimuli such as electric or magnetic fields. By associating 
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LCs with nanoparticles it is possible to impart order and fluidity to nanosystems. More 

importantly, however, the final self-assembled LC-hybrid nanostructure can be manipu-

lated by external stimuli to bring about morphological changes. All three major type of 

thermotropic LCs namely the rod-,
 [18–25] 

disc-
 [26,27] 

and bent-core
 [28] 

LCs have been cova-

lently attached to gold nanoparticles (GNPs) and these systems were found to exhibit re-

markable self-assembly behavior either on a substrate or in the bulk. LCs have also prov-

en to be promising candidates to assemble GNRs. Park et al.
 [29] 

described the self-

organization of GNRs either in side-by-side or end-to-end fashion using self-assembled 

stacks of lyotropic chromonic LC materials. Liu and co-workers
 [30] 

demonstrated the 

bulk alignment of GNRs dispersed in surfactant-based lyotropic LCs and their realign-

ment by shearing or application of a magnetic field. Very recently, we have reported the 

magnetic field induced formation of self-assembled arrays of nematic LC functionalized 

GNRs with the mesogens attached to the nanorod surface at one of the terminal hydro-

carbon chains via a siloxane linkage (LC1), i.e., mesogens and GNR long axes are in 

theory perpendicular to one another (Figure 2.1a).
 [31] 

The silane conjugation approach 

provides access to thermally and chemically robust GNRs that do not aggregate in solu-

tion due to the small quantity of trapped surfactant (CTAB) allowing for sufficient elec-

trostatic repulsion between the GNRs. In this particular case, the mesogens attached to 

the GNR surface align with the external magnetic field producing a planar array of the 

GNRs on the transmission electron microscopy (TEM) grid as shown in the TEM image 

and cartoon in Figure 1a. These examples clearly highlight the significance of LC mole-

cules for the creation and manipulation of anisotropic nanostructures.  



           43 

 

  

To further explore the role of the relative mesogen connectivity to the GNR surface 

and its impact on GNR self-organization, we synthesized GNRs where the thermotropic 

nematic mesogens are attached to the GNR surface via a lateral alkyl chain in a side-on 

rather than an end-on fashion (idealized, mesogen and GNR long axis are parallel), and 

studied their self-assembly upon slow solvent evaporation on substrates (Figure 2.1b). 

The preference for this particular ligand type to functionalize GNRs emerges from the 

fact that laterally substituted LC ligands show the tendency to induce nematic ordering 

when linked to large molecules such as polymers, dendrimers and even to quasi-spherical 

(polyhedral) gold nanoparticles (NPs) as shown by Cseh et al.
 [20] 

Extensive studies on the 

mesophase exhibited by these gold NPs revealed highly ordered rhombohedral or hexag-

onal columnar arrangements of the particles themselves.
 [22] 

In order to explain these ex-

perimental observations the authors proposed that in the mesophase the NPs are arranged 

in columns surrounded by a nematic sheath and that these columns spontaneously self-

organize yielding complex periodic lattices. Such spatial arrangement would be an ideal 

platform for creating ordered superlattices of GNRs, by factually replacing the NP col-

umns in Cseh’s work with individual LC-capped GNRs (Figure 2.1b). 
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Figure 2.1. Schematic representation of nematic LC-functionalized GNRs and their ob-

served or expected self-assembly upon slow evaporation of the solvent: a) end-on 
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mesogen attachment. The inset in the TEM image shows the orientation of the magnetic 

field with respect to the TEM grid
 [31] 

and b) Side-on mesogen attachment with the pro-

posed Fréedericksz-type transition of the LC-functionalized GNRs. 

2.2 Results and Discussion 

The precursor nematic LC (compound 1) of the rod-shaped nematic siloxane LC2 fea-

tures two octyloxy chains at the two terminal ends of the rod-like molecules and a vinyl-

terminated lateral hydrocarbon chain. Compound 1 was prepared following a procedure 

previously reported in the literature.
 [32] 

The compound exhibits a nematic phase with the 

following phase transition temperatures (°C): Cr 91 N 146 Iso on heating (reported transi-

tion temperatures (°C): Cr 93 N 141 Iso)
 [33]

 and crystallizes well below room tempera-

ture on cooling. The terminal alkene of mesogen 1 was converted to a trimethoxysilane 

end group by a hydrosilylation reaction as shown in Figure 2a. The procedure followed to 

prepare silane LC2 from 1 along with its analytical data are provided in the experimental 

section. POM observation of this silane showed a monotropic nematic phase with the fol-

lowing transition temperatures (°C): Cr 67 (N 86) Iso. The precursor CTAB stabilized 

GNRs were prepared at 30 °C by a single step, non-seeding method.
 [31,34]

 The rods were 

characterized by UV-Vis-NIR and TEM. The UV-Vis-NIR spectrum of these GNRs 

showed two absorption maxima, situated at 512 nm and 759 nm corresponding to the 

transversal surface plasma resonance (TSPR) and the longitudinal surface plasma reso-

nance (LSPR), respectively (Figure 2.2c). The relative narrow width of the LSPR indicat-

ed the monodispersity of the formed nanorods, which was further confirmed by TEM im-

aging (Figure 2.2b), and the low degree of aggregation. It can be seen from the TEM im-

age that the percentage of the unwanted spherical particles is comparatively low. The 
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length and diameter of the rods are 28.6 ± 2 nm and 6.5 ± 1.5 nm, respectively, leading to 

an aspect ratio of ≈ 4.3, as determined by TEM. Also, it is apparent from the image that 

the rods show only short-range side-by-side assembly with no in-plane correlation. 
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Figure 2.2. a) Synthesis of the LC silane LC2. b) TEM image obtained for CTAB stabi-

lized GNRs in water. c) UV-Vis-NIR spectra recorded for the CTAB capped GNRs and 

LC2 -capped GNRs. d) Overlapped IR spectra of the LC2 -capped GNRs and LC-silane. 

The exchange of the CTAB capping on the GNRs with the nematic silane 2 was car-

ried out in a two-step silane condensation reaction as described by us recently.
 [31] 

In the 

first step, some of the CTAB ligands on the nanorod surface were replaced by a 

mercaptotrimethoxy silane (MPS), which binds to the GNR surface through a strong Au-

S covalent linkage. In the second step, the nematic silane was added followed by base to 

bring about the hydrolysis of trimethoxy silane groups and subsequent condensation 

among the silanols to provide a stable, partial or patchy oligo(siloxane) network around 

the GNRs. The phase transfer of GNRs from aqueous to organic phase upon ligand ex-

change can be visually observed as a change in color of the aqueous and organic phases 

(see appendix A, Figure A1).  

The capping exchange from CTAB to LC silane was confirmed by both UV-Vis-NIR 

spectrophotometry and IR spectroscopy. After the exchange process, the maximum of 

LSPR band red-shifted from 759 nm to 798 nm (Figure 2.2c), which is an indication of 

the change in the dielectric environment surrounding the GNRs. The maximum wave-
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length, λ max, of the LSPR is particularly sensitive to changes in the surrounding dielec-

tric (i.e., changes of the refractive index of the surrounding medium due to the nature of 

the coating; a CTAB vs. LC silane exchange leads an increase in the dielectric constant of 

the surrounding medium).
 [35] 

A red shift of the LSPR of around 30 nm is commonly ob-

served for replacements of CTAB with other capping agents.
 [35,36] 

Further, IR provided 

clear evidence for the presence of the LC ligand on the nanorod surface. The IR spectrum 

obtained for the well-washed sample of LCcapped GNRs (no excess free LC silane) dis-

played all the bands characteristic of the LC-silane along with a Si-O-Si stretching vibra-

tion corresponding to siloxane bonds (Figure 2.2d). Overlapping the IR spectra of the 

LC-coated GNRs with that of the LC-silane clearly illustrates that the IR pattern of the 

former follows that of the latter with only one exception, the bands are slightly shifted to 

lower wavenumbers. The sharp bands at 2957, 2918, 2859, 1457, and 1378 cm
−1

 corre-

spond to the antisymmetric stretching of CH3 groups, antisymmetric stretching and sym-

metric stretching of CH2 groups, bending mode of CH2 groups and rocking vibrations of 

CH3 groups, respectively. More importantly, the spectrum shows stretching bands at 1733 

and 1158 cm
− 1

 (and 1023 cm
− 1

) corresponding to ester – C = O and – C - O stretching 

modes. Further, the spectrum shows bands in the region 1000 – 1100 cm
−1

 (1096, 1025 

and 953) that are due to the Si-O-Si stretching mode of the siloxane bond (1096 and 1025 

cm
−1

) and the Si-O-C stretching mode of trialkoxysilane groups (1090 and 953 cm
−1

). In-

cidentally, corresponding peaks at almost matching wavenumbers have been reported for 

other silane condensations on GNRs
 [31] 

and other substrates (1090 cm
−1 

and 1033 cm
−1

).
 

[37] 
As seen from the spectrum, some of the bands recorded for functionalized GNRs are 

broad as expected for such hybrid nanomaterials. The occurrence the Si-O-C stretching 
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band in the GNR hybrid spectrum suggests the presence of non-hydrolyzed trimethoxy 

groups of the silane. However, the 
1
H NMR spectrum of the supernatant obtained right 

after the coating exchange clearly indicated that overall at least one methoxy group of the 

silane was hydrolyzed and hence available for condensation. This analysis was performed 

by integrating the area under the peak at 3.6 ppm corresponding to the methoxy groups 

linked to the Si (see appendix A, Figure A2). The spectrum also showed that the ester 

linkages in the silane remain intact under the basic condition used for the silane conden-

sation. Hence, only a partial or “patchy siloxane network” is formed during the two-step 

GNR surface modification step, which nonetheless produced GNRs that are thermally, 

chemically and colloidal stable over extended time periods.  

To investigate if decorating GNRs with nematic LCs via lateral hydrocarbon spacers 

produces well-organized superstructures with one- or two-dimensionally ordered nematic 

and smectic-like morphologies we performed detailed, extensive TEM and high-

resolution TEM studies.  

A 2–3 μL drop of the colloidal solution of the once-washed GNR sample (taken from a 

1 mL GNR dispersion containing ≈ 150 μL of 10 mM free ligand; i.e., about 5 wt% free 

vs 95 wt% bound to the GNR surface) in toluene was drop-casted on carbon-coated cop-

per grids and allowed to dry under ambient conditions. Among the various solvent sys-

tems and solution concentrations examined for the self-assembly process, a highly con-

centrated sample (absorbance of the nanorod dispersion at 798 nm was ≈ 3.5 in a 1 cm 

path length cuvette) in toluene was found to give remarkable results. The observation of 

such a sample using TEM revealed highly ordered 3D superstructures of GNRs in almost 

every part of all grids investigated. In addition, assemblies with different morphologies 
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were seen in different regions of the same grid for any given sample. This might be due 

to the high concentration of the sample causing the thin solvent film to break into un-

symmetrical regions over the grid before the solvent evaporation takes place, ultimately 

resulting in different local GNR concentrations.
 [13,38] 

Figure 2.3 shows representative 

TEM images of the densely packed, highly organized 3D patterns of the LC2 coated 

GNRs. It can be seen from Figure 2.3a,b that the rods assume a staggered arrangement 

near the ends of the assembly; however they gradually translate to form an end-to-end, 

eclipsed chain-like pattern in the vicinity of the center. Further, it is interesting to point 

out here that these chains are spaced evenly next to each other. In this assembly, some of 

the rods appear to be shorter (for example, those circled in red) than their original size 

(rods circled in yellow), likely because these rods are oriented at an angle (between 0 and 

90°) to the substrate and not perfectly parallel to the substrate. Very few axially oriented 

(at a 90° angle) rods can also be seen at the top left corner (green circle) of the Figure 

2.3a. Similar end-to-end attached parallel wavy structures of the rods in two different re-

gions of the same grid, extending over several hundred nanometers are shown in Figure 

3b, c. Another fascinating well-oriented multilayer 3D smectic-like pattern is shown in 

Figure 2.3d. The dark region towards the right side of the figure indicates the increased 

thickness of the assembly.  

In other areas of the TEM grid, unique superstructures were observed in which smectic 

arrays of GNRs were self-assembled in two different fashions, situated next to each other 

as shown in Figure 2.4a. In the left region of Figure 2.4a the GNRs form parallel packed 

end-to-end connected chains extending over several hundred nanometers. The thickness 

of the assembly increases from top to bottom as indicated by the increased darkness at the 
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bottom regions of the image. The end-to-end eclipsed arrangement of the nanorods is so 

precise that these chains appear as perfectly uniform lines, making it very difficult to 

even visually isolate individual nanorods. Further, one can also see the regularity in the 

inter-chain distances. The right half of the figure displays a 3D smectic-like structure 

generated by a parallel orientation of the rods with respect to one another. In particular, 

this highly ordered structure consists of several layers of side-by-side arranged rods form-

ing 3D assemblies (see multilayer pattern in the right top area of Figure 2.4 a). 
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Figure 2.3. a–c) TEM images showing the highly organized assemblies of LC2 function-

alized GNRs in different regions of the same grid. d) 3D smectic array of the GNRs. 

More interestingly, in some parts of the grid, assemblies extending over several sq μm
2
 

were observed. One such remarkable superlattice of nanorods is shown in Figure 4b. The 

inset shows the electron diffraction pattern recorded from a part of this area. The ob-

served ring pattern indicates that the entire self-assembly is composed of local ordered 

domains. Each domain has a superlattice structure with no in-plane orientational correla-

tion among the domains, similar to a non-aligned nematic or smectic liquid crystalline 

phase. The various, local concentration-dependent packing type also prevented a clear as-

signment of the ordering of the GNRs in SAXS experiments, because different types of 

smectic- and nematic-like ordering coexist as shown in Figure 2.4.  
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Figure 2.4. a) TEM image showing the smectic arrays of LC-capped GNRs arranged in 

two different fashions next to each other. b) A large area TEM image of the LC-coated 

GNRs displaying a micrometer scale assembly; inset shows the typical gold electron dif-

fraction pattern (small selected spot size for selected area electron diffraction). 

The distances between the GNRs in these assemblies were measured from intensity 

cross-section profiles of HR-TEM images. One such image is shown in Figure 2.5a. If we 

assume that the aromatic parts of the LC ligands on the neighboring GNRs overlap, then 

the distance between the adjacent rods in a side-by-side orientated assembly would corre-
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spond to twice the length of the lateral chain connecting the LC ligand to the rod (total 

length including MPS + side chain of LC), which is ≈ 4.8 nm, calculated by assuming an 

all-trans conformation of the hydrocarbon chains in a 3D optimized structure (see appen-

dix A, Figure A3). This value matches well with the measured distances between the rods 

in a staggered arrangement (from TEM), which was determined to be 4.5 ± 0.5 nm (Fig-

ure 2.5a). The colored lines at the top of the figure and in the center indicate the number 

of rods considered to plot the intensity cross-section profiles. The spacing between the 

end-to-end eclipsed rods in the middle of the assembly (Figure 2.5a) is surprisingly very 

small (≈ 1.63 nm) compared to those in the staggered conformation, which is initially 

puzzling. However, the experiments we performed by tilting the TEM grid (≈ 30°, see 

Figure 2.5b, c) clearly indicate that these eclipsed rods still maintain a distance of around 

4.5 nm between themselves, but they are oriented at an angle to the substrate (green circle 

in Figure 2.5c). Thus, it is the viewing angle that gives the false implication that the rods 

are overlapping on each other, while these rods are situated at an angle to the substrate 

and maintain a regular distance between them supporting the suggested 3D arrangement 

(for different projection elucidated by tilting experiments see Figure 2.5d). The same be-

havior is observed in most of the formed assemblies. These observations support the as-

sumption that the rod-shaped aromatic parts of the LC ligands overlap (π-π interaction as 

a driving force) thereby bringing the rods together and inducing a high orientational in-

fluence on them. This would explain the perfect line-like assemblies (Figure 2.4a) formed 

from the end-to-end attached rods (slightly tilted rods). These results strongly suggest 

that tuning the number of attached LC ligands and hence their density on the rod surface, 
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should allow for inducing true, fluid nematic or smectic phase behavior in the composite, 

which is one of our future interests.  

 

Figure 2.5. a) HR-TEM image of the GNRs used to measure the distance between the 

rods in staggered (red line) and eclipsed arrangement (green line); b, c) HR-TEM image 

of the GNRs at 0° tilt and at 30° tilt of the grid, respectively. Scale bars in all three imag-

es: 20 nm. On carrying out this operation, the top right corner seems to be unaffected. 

Red circle: staggered arrangement to eclipsed, green circle: vice versa; d) The cartoon, 

related to the TEM image in (a), illustrates the different projections of the GNR arrays as 

observed by TEM. TEM tilting experiments as shown in images (b, c) were used to estab-

lish the average side-by-side distance between the GNRs of 4.5 ± 0.5 nm. 

It is noteworthy to mention here that the TEM of the well-washed sample showed only 

short-range side-by-side assembled structures (see appendix A, Figure A4). These pat-

terns exhibit merely a local order with no in-plane correlation and isotropic behavior over 

a large extended area. Li and coworkers recently reported similar short-range side-by-side 

assemblies for perylene thiol-capped GNRs, where π-π stacking was assumed as a pack-

ing force.
 [39] 

One possible reason for this behavior could be that the density of the LC 

ligands on the pure functionalized rods (referred to here as “well washed”) is not suffi-
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ciently high to induce an orienting influence on the rods over large extended areas. On 

the other hand, once-washed samples with a miniscule amount of the free LC2 ligand 

present, exhibit highly ordered patterns as shown above. The unbound LC molecules in 

the composite are highly compatible with the ligands on the GNR surface (because they 

are structurally identical). Hence, the two components form a homogenous colloidal mix-

ture. The free, unbound LC molecules fill the available space, act as mediators, and pro-

vide the necessary interactions, required stability as well as directional orientation to the 

composite thereby assisting the formation of highly ordered arrays of nanorods. More 

images supporting the remarkable self-assembly of these GNRs are provided in the Sup-

porting Information (Figure A5–A11).  

To ascertain that the GNR nanostructured assemblies form indeed over larger areas and 

not just in smaller sections on TEM grids we also performed SAXS experiments on both 

samples, the GNRs with end-on (terminal, LC1) as well as side-on (lateral) affixed 

nematogens (LC2). As shown in Figure 2.6, the azimuthally averaged intensity data de-

rived from the 2D scattering pattern show only one broad peak corresponding to distanc-

es between the LC1-capped GNRs from 8.8 nm (side-by-side distance) to 17.7 nm (over-

lapping longitudinal distance) and for the LC2-capped GNRs from 10.2 nm (side-by-

side) to 21.5 nm (overlapping longitudinal). These periodicity values are in perfect 

agreement with the distances measured in the various TEM images and the calculated 

molecular dimensions of the nematic molecules (with silane conjugation) on the surface 

of the two GNRs (side-by side for LC2 and interdigitated for LC1 as show in the insets 

of Figure 2.6a, d). The 2D SAXS patterns also match perfectly with the Fourier trans-

forms (FFT) of the TEM images as shown in Figures 2.6c, f (shown in the same scale as 
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the 2D SAXS pattern). The different types of GNR arrays detectable in the TEM images, 

such as different extents of GNR overlap, some more smectic-type arrays, or the few, 

random isolated rods, most likely cause the lack of two distinct broad scattering maxima 

in the SAXS pattern one would expect for an unaligned nematic phase with GNRs con-

stituents. 

 

Figure 2.6. LC1-capped GNRs: a) azimuthally averaged intensity data of the scattering 

vector (q in Å
−1

) vs. intensity from 2D SAXS pattern shown in (b); c) Example of a Fou-

rier transform (FFT) obtained from TEM images such as the one shown in Figure 1a. 

LC2-capped GNRs: d) azimuthally averaged intensity data of the scattering vector (q in 

Å
−1

) vs. intensity from 2D SAXS pattern shown in (e); f) example of a Fourier transform 

(FFT) obtained from TEM images such as the ones shown in Figure 3–5 and Supporting 

Information Figures S5–S11. Insets in (a) and (d) show cartoons demonstrating typical 

GNR distances found in the arrays imaged by TEM. Hence, the lateral spacing measured 

by SAXS (≈ 10.2 nm) confirms the average side-by-side spacing of 4.5 ± 0.5 nm obtained 

from TEM images (vide supra) considering the width of the GNRs (6.5 ± 1.5 nm). SAXS 

samples on Kapton windows were prepared similar to TEM samples on Cu grids. The 

peak at low q is from scattering around the high flux beam stop. 
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 Polarized optical microscopy studies also showed that despite the rather low fraction 

of free, non-bound nematic LC molecules (only 5 wt% free vs. 95 wt% bound to the 

GNR surface) in the investigated ‘once-washed’ GNR composite, birefringent textures 

are observed between crossed polarizers as shown in Figure 2.7a, b. These textures are 

non-specific and extremely viscous (to some extent resembling nematic and smectic 

Schlieren textures of high molecular weight or polymeric organic LCs on first heating 

from an amorphous solid). However, even the well-washed GNR sample with no free, 

non-bound LC shows birefringence when viewed between crossed polarizers. For the im-

age shown in Figure 2.7c, the polarizers were slightly uncrossed because of the very high 

optical density (absorbance) of the sample.  
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Figure 2.7. Polarized optical photomicroscopy images of: a,b) the once-washed GNRs on 

cooling at 75°C between crossed polarizers (white arrows) and c) the well-washed GNRs 

on cooling at 80°C between slightly uncrossed (15°) polarizers. 

Considering the various methods to assemble GNRs, most are restricted to aqueous 

medium, produce more confined arrays, and are largely based on electrostatic interactions 

between the dynamic surfactant molecules on the GNR surface and added external addi-

tives. 
[10–15]

 In contrast, our approach of covalently functionalizing the nanorods with a 

suitable liquid crystal molecule (in the presence of a small amount of free LC) offers 

more dynamically organized patterns, which could potentially be further manipulated by 

external stimuli through LC-mediated reorganizations. Recently we have reported the 

magnetic field induced orientation of nematic LC end-capped GNRs as discussed earlier 
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(Figure 2.1a).
 [31] 

In the present case, application of a weak magnetic field from a 

handheld rare earth magnet resulted in the reorientation of the GNR arrays in several are-

as of the TEM grid as shown in Figure 2.8a–c. This reorientation of the GNRs, achieved 

at temperatures were the pure LC2 forms a nematic phase, is here the result of the mag-

netic field-induced Fréedericksz transition of the LC2 ligands linked to the GNR surface 

via silane conjugation assisted by the small quantity of free, non-bound LC2 molecules in 

the colloidal mixture (only 1% by weight of the total mixture correspond to non-bound 

LC molecules). If both, the quantity of free LC molecules is enhanced (by adding an ad-

ditional quantity of a room temperature nematic mixture; here E7), i.e., promoting attrac-

tive interactions between the rods as well as diluting the sample to encourage monolayer 

formation on the grid, and the magnetic field strength increased to 1.3 T using an elec-

tromagnet, reorientation of LC1 -capped GNRs into hexagonal-ordered arrays extending 

several hundred nm 2 can be achieved (Figure 2.8d). 
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Figure 2.8. a, b) HR-TEM images of LC2 -capped GNRs: a) prior to applying a magnetic 

field and b) after applying a magnetic field (using 1 cm in diameter rare earth disc mag-

nets) at elevated temperature (within the nematic phase range of LC2 ). Scale bar in (a) is 

valid for both images. The index grid was removed from the TEM instrument and insert-

ed again after the magnetic field was applied. Care was taken to image almost the same 

area of the indexed grid. c) Schematic presentation of the magnetic field induced reorien-

tation of the LC2-capped GNRs. d) Magnetic field induced assembly and alignment of 

LC1-functionalized GNRs in a 1:1 (by weight) mixture with E7 (using a LakeShore elec-
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tromagnet at 1.3 T). Hexagonal close-packed assemblies can be seen extending hundreds 

of nm
2
. 

Overall, these initial experiments with the above-described lateral LC-capped GNRs 

provide intriguing starting points for further exploration regarding the manipulation of 

the GNR arrays using thermal annealing methods and/or applied magnetic fields. The de-

scribed observations clearly highlight both feasibility and versatility of LC-guided self-

assembly of GNRs with a unique advantage over other methods provided by the on-

demand reorientation of arrays using external stimuli. A related example of such GNR 

reorientation in electric fields was recently disclosed by Richardson and co-workers for 

short range ordered hexagonally packed GNR suspended in a nematic liquid crystal 

(5CB).
 [40] 

The key difference in the present work is that the GNRs assemble into nematic 

and to some degree smectic-type arrays with only a miniscule amount of free liquid crys-

tal molecules (about 1% by weight). Hence, the free liquid crystal acts here as the dopant 

(or suspended entity promoting attractive interactions between GNRs) in contrast to GNR 

suspensions investigated by others. Remarkably then, the obtained nematic-type arrays 

can be magnetically reoriented similar to purely organic nematic liquid crystals. Addi-

tional experiments also indicate that it is also possible to extend the self-assembly behav-

ior of nematic LC-capped GNRs to discotic LC-capped GNRs by covalently functionaliz-

ing GNRs with suitable discotic LC moieties forming columnar phases in a similar fash-

ion as described here.
 [41]
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2.3 Conclusion 

In summary, we described an exceptionally effective and versatile method for the self-

assembly of GNRs provided by the functionalization with a laterally linked nematogenic 

LC ligand. These LC-capped GNRs display a rich variety of reproducible self-assembly 

leading to large-scale ordered superstructures with a variety of morphologies comparable 

to nematic to smectic LC morphologies on slow evaporation of the solvent on TEM grids. 

We report for the first time that GNR superstructures once formed can be reorientated 

simply by placing the sample in a magnetic field. The birefringence observed for these 

GNRs in thin film between crossed polarizers additionally supports the formation of self-

assembled ordered LC-like anisotropic superstructures. Such systems have great signifi-

cance as future metamaterials, SERS substrates, nanorod-based high efficiency polarizers, 

and other prominent applications in biological and technological fields. 

2.4 Experimental Section 

Synthesis: Compound 1 (0.4 g, 0.5 mmol) was dissolved in dry toluene (10 mL) and 

trimethoxysilane (0.31 mL, 2.5 mmol) added under nitrogen atmosphere and stirred for 

30 min. To this solution, 1,1,3,3-tetramethyldisiloxane Pt-complex (Karstedt’s catalyst, 

0.1 M) in xylene (50 μ L, 0.01 eq.) was added and stirring continued for further 18 h 

maintaining the nitrogen atmosphere. The solvent and excess trimethoxysilane was re-

moved under vacuum resulting in a light brown residue. Attempts to purify the silane 

from this residue using column chromatography (both silica and alumina) were unsuc-

cessful, and the mixture contained mainly silane LC2 and some isomerized 1 (28% as 
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calculated from NMR) with a migrated double bond (vinyl → allyl). Cr 67 (N 86) Iso 

(monotropic nematic phase observed by POM); 
1
H NMR (300 MHz, CDCl3, δ ppm): 

8.19 (d, 2H, Ar-H), 8.06 (d, 1H, Ar-H), 7.66-7.59 (m, 4H, Ar-H), 7.32-7.25 (m, 4H, Ar-

H), 6.98 (d, 2H, Ar-H), 6.58-6.51 (m, 2H, Ar-H), 5.42 (m, 0.62H, -CH=CH-), 4.11-4.01 

(m, 6H, -O-CH2), 3.6 (s, 9H, -Si-(OCH3)3 ), 1.92-1.80 (m, -CH2-CH=CH), 1.41-1.60 (m, 

6H, -O-CH2-CH2), 1.22 -1.40 (m, 36H, -CH2-), 1.0-0.82 (m, 9H, -CH3), 0.68-0.61 (m, 

1.44H, -CH2-Si-(OCH3)3); IR (KBr): νmax = 2922, 2853, 1739, 1722, 1606, 1569, 1510, 

1493, 1467, 1433, 1393, 1254, 1204, 1164, 1135, 1075, 1038, 872, 849, 792, 759, 719, 

689, 653 and 507 cm
−1

.  

The percentage of silane in the mixture was estimated using characteristic peaks in the 

1
H NMR of the residue, i.e. by comparing the ratio of the integration of the methyl peak 

at 0.65 ppm [(-CH2-Si-(OCH3)3) due to compound LC2] to the alkene proton peak at 5.42 

ppm [(-CH=CH-) due to the migrated double bond in compound 1], which provided a 

yield of 72% for the reaction described above. Based on the estimated percentage yield of 

silane from the NMR, the residue was dissolved in chloroform to make a 10 mM solution, 

where only the silane will react in the subsequent condensation step.  

The coating exchange of CTAB on the GNR surface with nematic ligands was carried 

out as described below. A measured volume (3 mL) of CTAB-capped GNRs was washed 

once with an equal volume of chloroform in order to remove the excess free ligand. The 

washed rods were treated with an appropriate volume (120 μL) of MPS (10 mM solution 

in ethanol) and vortexed for 2–3 min. The resulting colloidal solution was allowed to 

stand at room temperature for 30 min. Thereafter, the nematic silane solution (3 mL, 10 

mM in chloroform) was added, followed by a base (30 μL, 1 M NaOH), and vortexed 
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again for 2–3 min. Very soon, the change in the color of the solvent clearly indicated the 

coating exchange of CTAB GNRs with nematic LC and their subsequent phase transfer 

from the water to the organic chloroform phase. Upon exchange, the water phase be-

comes clear and the chloroform phase becomes dark brown in color as shown in Figure 

S1 (Supporting Information). The organic phase was separated and stirred at room tem-

perature overnight to ensure the completeness of the capping process. The resulting solu-

tion was ultra-centrifuged (16 000 rpm, 20 min) to remove the excess free ligand. The 

nanorod precipitate was redispersed in toluene and centrifuged again. The process of pre-

cipitation and redispersion were repeated several times until the last supernatant was free 

from any residual non-bound silane/ siloxane as confirmed by 
1
H NMR. This excess lig-

and-free sample was used for UV-Vis-NIR and FTIR measurements shown in Figure 2. 

However, our investigations demonstrated that the once centrifuged sample with a small 

amount of free LC ligand (≈ 150 μL of 10 mM free LC in a 1 mL GNR dispersion, 5 wt% 

free vs. 95 wt% bound to the GNR surface) present produces exceptional self-assembled 

superstructures of GNRs compared to the well-washed sample (no free LC). 
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Appendix A 

Supplementary Information for Chapter 2 

 

Measurements, Methods, and other general Information: 

Chemicals and solvents were purchased from Aldrich and either used as received or puri-

fied by standard methods. E7 was obtained from Merck. 
1
H NMR (Bruker Avance 300 

MHz spectrometer) spectra were recorded using deuterated chloroform (CDCl3) or 

deuterated dimethylsulfoxide-d6 (DMSO-d6) as solvents. Tetramethylsilane (TMS) was 

used as an internal standard. Thermal behavior and textural observations of the LC sam-

ples were carried out using an Olympus BX51-P polarized light microscope (POM) 

equipped with a Linkam LS-350 heating/cooling stage. UV-Vis-NIR absorption spectra 

(Varian Cary 5000 UV-vis-NIR spectrophotometer) were recorded using a quartz cell (1 

cm path). IR (Bruker Tensor 27 spectrometer) spectra were recorded as KBr discs using 

the chloroform solutions of the samples. TEM (Hitachi H 7000 transmission electron mi-

croscope) images were recorded by drop casting 2-3 µL of the GNR dispersion on car-

bon-coated copper grids (400 mesh) after drying for one hour under ambient conditions. 

HR-TEM images were recorded on a Jeol ultrahigh resolution FEG-T/STEM operating at 

an accelerating voltage of 200 kV. The GNR reorientation studies were performed either 

using 1 cm in diameter rare earth disc magnets or a LakeShore EM4 electromagnet at 1.3 

T. SAXS data were collected using a Rigaku 3-pinhole camera (S-MAX3000) equipped 
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with a Rigaku MicroMax+002 microfocus sealed tube (Cu Kα radiation at 1.54 Å) and 

Confocal Max-Flux (CMF) optics operating at 40 W. The system has a 3-m, fully evacu-

ated camera length. The system was also equipped with 200 mm multiwire 2D detector 

for data collection. We collected SAXS data at 0.008 ≤ q ≤ 0.4 Å
−1

 with 600 s of expo-

sure. The data reduction was performed using Rigaku's SAXGUI data processing soft-

ware. 

 

Additional Supporting Data, Images, and Figures: 

 

Figure A1. Pictorial representation of the phase transfer of CTAB GNRs from the aque-

ous phase to the organic phase upon coating exchange with the nematic LC silane, top 

layer: water, bottom layer: chloroform. 
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Figure A2. 
1
H NMR spectrum of the supernatant obtained on precipitation of the rods 

right after the coating exchange with the LC2-silane. 
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Figure A3. 3D structure of LC2-silane conjugated to MPS supporting the side-by-side 

self-assembly of the GNRs. 

 

 

Figure A4. TEM image obtained for the well-washed sample in toluene. 
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Figure A5. HR-TEM images showing the staggered (left) and eclipsed (right) stacking 

patterns formed by the LC2-capped GNRs. 

 

Figure A6. Self-assembled domains of LC2-coated GNRs at two different regions of the 

grid. 

 



           75 

 

  

 

Figure A7. TEM images of the fascinating self-assembled GNRs of LC2-functionalized 

GNRs. 

 

Figure A8. TEM image showing the extended smectic-type arrays of the LC2-

functionalized GNRs. 
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Figure A9. Expanded view of the rectangular selected area of the image shown in Figure 

A8. 

 

 

Figure A10. Area showing 3D smectic-like arrays of LC2-functionalized GNRs. 
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Figure A11. Examples of the large area (several μm
2
) assembly of LC2-functionalized 

GNRs. 
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Chapter 3 

Discotic liquid crystal functionalized 

gold nanorods: 2- and 3D self-

assembly and macroscopic alignment 

as well as increased charge carrier 

mobility in hexagonal columnar liquid 

crystal hosts affected by molecular 

packing and π-π interactions 
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Abstract 

Gold nanorods functionalized with triphenylene-based discotic liquid crystal motifs show 

striking self-assembly behavior both on TEM grids as well as in the bulk enforced by the 

π-π-stacking of triphenylene groups of adjacent nanorods. TEM images confirm that the-

se discotic liquid crystal nanorods form ribbons of parallel-stacked nanorods several hun-

dred nanometer long. The pursued silane conjugation approach to decorate the nanorods 

allows for the preparation of dispersions of the nanorods in the hexagonal columnar 

phases of parent discotic liquid crystals, where the nanorods can be macroscopically 

aligned with almost 80% efficiency by a simple shearing protocol. Doping the parent host 

materials with about 1% by weight of the discotic liquid crystal-capped nanorods also re-

duces the lattice parameter and the intra-columnar packing giving rise to enhanced charge 

carrier mobility in these hosts as determined by time-of-flight measurements.           
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3.1 Introduction 

Approaches of manipulating anisotropic nanoparticles, in order to arrange the particles 

into ordered assemblies
[1]

, generated significant interest over the past few years for the 

creation of metamaterials
[2]

, for optical applications such as high efficiency polarizers
[3]

 

and display applications
[4]

, as well as for applications in surface-enhanced Raman spec-

troscopy
[5]

. However, the assembly and manipulation of anisotropic building blocks into 

complex superstructures is still a challenging task in comparison to their corresponding 

quasi-spherical counterpart nanoparticles
[6]

. The key-limiting factor most often described 

is the irreversible aggregation of the anisometric nanomaterial in a given fluid or polymer 

host medium. It is well understood that the interactions between nanostructures plays a 

critical role during the self-assembly process
[7]

. Ionic additives
[8]

 or cationic surfactants
[9]

 

have been employed to tune the attraction between nanoparticles in colloidal suspensions 

and improve the ability of inducing nanorods assemblies.  

In an earlier paper, we reported a fascinating large area self-assembly of nematic liquid 

crystal (LC) functionalized gold nanorods (GNRs) forming nematic and smectic like pat-

terns on substrates, and nematic phase behavior in the bulk
[10]

. The interaction between 

the liquid crystal molecules attached to the surface of the GNRs was established as the 

driving force for the self-assembly of such GNRs. The attached liquid crystal ligands 

tended to pack together next to each other when the GNRs dispersion became more and 

more concentrated during solvent evaporation, and attractive interactions between the 

capping LC ligands facilitated the formation of large area nematic and smectic super-
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structures of the GNRs. To extent this concept to higher ordered LC phases that would 

facilitate long-range order, alignment, and even enhanced photoconductivity, we here 

present the synthesis, characterization, as well as the surface and bulk self-assembly of 

GNRs functionalized with discotic triphenylene-based LC (DLC) molecules (Figure 1a). 

Strong π-π interactions between the triphenylene cores should aid the self-assembly as 

well as integration and alignment in structurally identical triphenylene hosts. Yamada et 

al.
[11] 

reported a 2D hexagonal superstructure of such DLC-functionalized gold nanopar-

ticles on the substrate of TEM grids after solvent evaporation. The authors concluded that 

the packing status of the functional LC ligands in the dispersion influenced the self-

assembled of the nanoparticles on TEM grids. Kumar and co-workers presented data on 

such DLC nanocomposites,
[12] 

which show that DLC-functionalized gold nanoparticles
[12a]

 

and unmodified carbon nanotubes
[12b]

 enhance the electrical conductivity of the DLC 

hosts to a very high level compared with the pure DLC. The authors also suggested that 

the inclusion of shape-anisotropic nanotubes into the DLC matrix leads to not only to a 

homogeneous dispersion of the nanotubes in the DLC superlattice, and predicted that 

alignment of one-dimensional nanostructures can be achieved by employing well-

established LC alignment technologies.  

Herein, we describe for the first time GNRs functionalized with DLC molecules via a 

silane conjugation approach,
[13] 

the self-assembly in the bulk and on TEM grids as well as 

their alignment in the superlattices of the parent DLC host in planar alignment cells and 

the effect of the GNR inclusions on the charge carrier mobility of the DLC host. 
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3.2 Experimental Section 

3.2.1 General Methods 

All chemicals were obtained from commercial sources (HAuCl4·3H2O, AgNO3, ascorbic 

acid, NaBH4, CTAB, B-bromocatecholborane, Karstedt’s catalyst, octadecyl-

trimethoxysilane are all purchased from Sigma-Aldrich) and used without further purifi-

cation. High-purity deionized (DI) water (Millipore, 18 MΩ) and Aldrich purification 

grade solvents purified via a PureSolv solvent purification system (Innovative Technolo-

gy, Inc.) were used for the synthesis and purification of the presented materials. All 

glassware used for synthesis and sample handling was cleaned with aqua regia and thor-

oughly rinsed with DI water. The liquid crystal H4TP was available in our laboratory.  

UV-Vis-NIR absorption spectra were recorded using an Agilent Cary 5000 UV-Vis-

NIR spectrophotometer using a quartz cell (1 cm path length). TEM images were record-

ed on a Hitachi H7000 microscope. The samples were prepared by drop casting a 5 μL 

dispersion of the GNR solution onto carbon-coated copper grids (400 meshes) and dried 

overnight under ambient conditions. Polarized optical photomicrographs were taken us-

ing an Olympus BX51-P polarizing optical microscope equipped with a Linkam LS 350 

heating/cooling stage. SAXS data were collected using a Rigaku 3-pinhole camera (S-

MAX 3000) equipped with a Rigaku MicroMax+002 microfocus sealed tube (Cu Kα ra-

diation at λ = 1.54 Å) and Confocal Max-Flux (CMF) optics operating at 40 W. The sys-

tem has a 3-m, fully evacuated camera length, and is equipped with 200 mm multi-wire 

2D detector for data collection as well as an option to use image plates at various distanc-
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es away from the sample. The data reduction was performed using Rigaku’s SAXGUI da-

ta processing software.  

Mechanical shearing was used to obtain planar alignment of the H6TP/GNRs compo-

site in the Colho phase (85 °C). The polarized UV-Vis-NIR spectrophotometry was car-

ried at the same temperature using the same Linkam heating stage in the beam path of the 

spectrophotometer.  

The analysis of the charge transport properties of the H4TP doped with 1 wt% and 2 

wt% of GNR were carried out by time-of-flight experiments, which is a technique com-

monly used for estimating mobilities of charge carriers (hole and electron) in a semicon-

ductor or a low-conductivity material (see figure B7). Shorter flying times of hole and 

electron indicate higher charge carrier mobilities. The samples were injected by capillary 

action of the isotropic phase into a sandwich-type ITO coated cells (cell gap: 2-3 μm as 

measured by interferometry). The measurements were carried out on slow cooling from 

the isotropic to the crystalline phase. Carrier transport was measured using the conven-

tional set-up and a N2 laser (λ = 337 nm) as excitation source, whilst recording the photo-

currents with an oscilloscope. Temperature variation was obtained with a hot-stage and 

temperature controller. 

3.2.2 Synthesis 

The synthesis of triphenylene based discotic liquid crystals H6TP (compound 1) followed 

the process of intermolecular oxidative aromatic coupling reaction 
[34]

 from 1,2-

dihexyloxybenzene using FeCl3 as oxidant. The trimerization reaction probably proceeds 

through a radical mechanism (see figure B8). The alkoxyl substituents can stabilize a rad-
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ical intermediate. The mono-functionalized triphenylene derivatives for the conjugation 

to the GNRs was synthesized according to a previously published procedure,
[14] 

and the 

hydrosilylation reaction was following the same conditions described in our earlier 

work.
[10] 

The synthesis of the monoalkene-functionalized hexaalkoxytriphenylene 

(Scheme 1) was performed as follows
[14-15]

: A solution of H6TP, 1, (0.67 g, 0.5 mmol) in 

anhydrous CH2Cl2 (10 mL) was cooled to 0 °C before 1.2 eq. (0.12 g, 0.6 mmol) B-

bromocatecholborane (dissolved in 1 mL CH2Cl2) was added dropwise. The mixture was 

kept stirring at room temperature for 72 h. Thereafter it was poured on ice water (50 ml) 

and the water layer was extracted with CH2Cl2 (2 times 20 mL). The organic layer was 

separated by column chromatography (hexanes/ethyl acetate = 30/1). The purified 

monohydroxy triphenylene compound 2 (0.18 g, 0.24 mmol) was dissolved in 10 ml THF, 

and KOH (0.0132 g, 0.24 mmol) was added under stirring. The reaction was refluxed for 

1 h before 11-bromo-1-undecene (0.174 mL, 0.8 mmol) was injected. The system was 

kept under reflux for 24 h, and was then poured into 20 mL 1M HCl, and extracted with 

CH2Cl2 (twice 20 mL). The monoalkene compound 3 (Cr 30.5 Col 57.5 Iso) was purified 

by recrystallization from n-hexane. Compound 3 (0.09 g, 0.1 mmol) was then dissolved 

in 2 mL of dry toluene, and under stirring 64 μL of trimethoxysilane (0.5 mmol) and 20 

μL of Karstedt’s catalyst (0.1M in xylene) was added subsequently. The reaction was 

stirred at room temperature for 24 h. The monosilane compound 4 was purified by filtra-

tion through a 0.45 μm PTFE syringe micro-filter before silane conjugation to the MPS-

coated GNRs. Further details can be found in the Appendix B. 
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Scheme 3.1. Synthesis route to triphenylene LC-decorated GNRs following a silane-

conjugation approach. 

Next, the GNRs were synthesized following the modified single-step growth method 

using cetyltrimethylammonium bromide (CTAB) as initial capping agent, as described in 

the references
[10, 16]

. (1) Synthesis of CTAB-GNRs: the CTAB-capped GNRs were syn-

thesized employing a modified one-step method as reported before
[10, 16]

. A 250 mL water 

solution containing the following compounds was prepared: [HAuCl4·3H2O] = 1.0 mM, 

[CTAB] = 0.20 M, [AgNO3] = 0.20 mM, [ascorbic acid] = 2.0 mM. Then 1.87 mL of 0.1 

mM ice-cold NaBH4 aqueous solution was added into the mixture under stirring. After 2 

minutes, the mixture was kept for 24 h at 30 °C allowing the growth of the GNRs. The 

resulting GNRs were washed by repeated agitation with 100 mL DI water and centrifuga-

tion at 16,000 rpm for 20 minutes.  
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The functionalization of the CTAB-GNRs was achieved by a two-step silane hydroly-

sis condensation step reported previously
[10, 16-17]

: 3 mL of as-synthesized CTAB-GNRs 

were washed with 3 mL CHCl3, and then 120 μL of 3-mercaptopropyl-trimethoxysilane, 

MPS, (10 mM in ethanol, calculated to provide about 30 molecules/nm
2
) was added into 

the CTAB-GNRs in water under vigorous stirring for 30 minutes. Thereafter, 3 mL of a 

CHCl3 solution (10 mM) of the DLC silane 4 or octadecyltrimethoxysilane (ODS) was 

added, followed by 30 μL of base (1.0 M NaOH). The two-phase system was vortexed 

for several minutes until the water phase became colorless and the organic phase turned 

to red-brown, indicating the functionalization to LC-functionalized, hydrophobic GNRs. 

The organic layer was separated and the GNRs was isolated by centrifugation (12,000 

rpm, 20 min) and washed with toluene.  

3.3 Results and Discussion 

Figure 3.1a shows the schematic representation of the as-synthesized DLC-GNRs and 

Figure 3.1b shows the UV-Vis-NIR absorbance spectrum of the DLC-GNRs in chloro-

form. The absorption bands at 520 nm and 820 nm belong to the transversal and longitu-

dinal surface plasmon resonance absorbances of the DLC-GNRs, respectively, indicating 

that the aspect ratio of the GNRs is about 3 to 4 on average. 
[18]

 Moreover, the absorbance 

bands at 250 to 290 nm belong to the valence electron π-π* transition of the triphenylene 

core of the DLC molecules. The peak of this band shifted from 285 nm for the free DLC 

molecules (blue spectrum in Figure 1b) to 260 nm for the GNRs dispersion (red spectrum 

in Figure 3.1b). This blue-shift can be explained by the enhancement of the local field of 
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the surface area of the GNRs due to the surface plasmon effect, 
[19]

 and was used as an 

evidence for the DLC molecules attachment to the surface of the GNRs. The 2D simpli-

fied cartoon of the DLC-GNRs in Figure 3.1a also highlights that during the silane con-

jugation a small amount of CTAB surfactant is retained on the surface of the GNRs as es-

tablished in previous work using x-ray photoelectron spectroscopy (XPS). 
[10, 16]

  

The self-assembly behavior of the neat DLC-GNRs on substrates was first investigat-

ed by drop-casting dispersions of the GNRs in toluene on carbon-coated transmission 

electron microscopy (TEM) copper grids after slow evaporation of the solvent. Figure 3.2 

shows some representative TEM images of the DLC-GNR samples dried from GNRs 

dispersion in toluene (about 6 mg/mL). Instead of an even, yet random dispersion on the 

grid during the solvent evaporation, the DLC functionalized GNRs tend to gather togeth-

er in a side-by-side fashion to form what is best described as ribbons of nanorods. 
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Figure 3.1. (a) Structure and phase transition temperatures of the DLC silane precursor 3 

and silane 4 as well as a 2D schematic representation of the DLC-functionalized GNRs 

(DLC-GNR). (b) UV-vis-NIR spectra of the DLC silane 4 and the DLC-GNRs.  
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Figure 3.2. Transmission electron microscopy images of the DLC-GNRs dried on TEM 

grids from dispersion in toluene. 
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The self-assembly potential of the DLC-GNR supported by these images suggests that 

there are attractive interactions between the GNRs driving the side-by-side long-range as-

sembly. In this case, the major driving forces are π-π interactions between the 

triphenylene moieties of the DLC molecules in addition to natural side-by-side assembly 

of anisometric rod-like entities. As sown in Figure 3.3, these assemblies exist over very 

large areas with several μm
2
. 

 

Figure 3.3. TEM image showing the large-area self-assembly of the DLC-GNRs. Several 

GNR ribbons extend over several hundred nanometers. 

To obtain a monolayer of GNRs on the TEM grid that allows us to measure the dis-

tance between neighboring GNRs, we also tuned the concentration of the GNRs disper-

sion. The image in Figure 3.4a and the corresponding cross section profile (Figure 3.4b) 

shows that the gap between DLC-GNRs is about 7 nm on average (peak widths were 

measured as the full width at half-maximum), which matches perfectly with the length of 

the stacking molecules from neighboring GNRs with the triphenylene core overlapping 
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each other (see inset, Figure 3.4a). For comparison, octadecyltrimethoxysilane (ODS)-

coated GNRs were also synthesized, and a representative TEM image of the ODS-GNRs 

drop-cast and dried from toluene is shown in Figure 3.4c. From the corresponding cross 

sectional profile (Figure 3.4d), the gap between the ODS-GNRs was measured to be 3-4 

nm, which also matches with the molecular length of the alkyl chains of neighboring 

GNRs overlapping with one other. The difference is that, instead of the large area assem-

bly of DLC-GNRs shown above, the ODS-GNRs are not showing only short-range self-

assembly (see Appendix B, Figure B1). It is well known that the self-assembly of aniso-

tropic colloidal nanostructures is to a large extent determined by the type and nature of 

the surface modification, in another words, a tailored interaction between the rod-like na-

noparticles. The DLC molecules themselves owing to their intrinsic packing in columnar 

stacks forming a hexagonal columnar phase in a certain temperature interval due to 

strong π-π stacking drive here the self-assembly of the GNRs. 

In order to further demonstrate the π-π stacking assembly model inside the multiple 

layers of the DLC-GNRs, a highly condensed dispersion of these GNRs was prepared 

and drop-casted on a Kapton
®
 substrate and dried under ambient atmosphere before per-

forming small-angle X-ray scattering (SAXS) experiments. Figure 3.5a shows the 2-

dimensional scattering pattern from the X-ray detector. The plot of intensity vs. scattering 

vector q (Figure 3.5b) shows a broad peak at q = 0.035, corresponding to a d spacing of 

about 18 nm (d = 2π/q, in Å), which corresponds to the Fourier transform obtained from 

the TEM images (for example FFT in Figure 3.5b obtained from the TEM image shown 

in Figure 3.2b using Image J
®
). Considering the average diameter of the GNRs (11 ± 1 

nm), the average gap between DLC-GNRs is approximately 7 nm, which agrees perfect-
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ly with the number measured by analyzing TEM images, as well as the bimolecular 

length of the DLCs with overlapping triphenylene cores.   

 

 

Figure 3.4. (a) TEM image of the DLC-GNRs, (b) cross section profile of (a), (c) TEM 

image of the ODS-GNRs, (d) cross section profile of (c). Insets show the arrangement of 

the GNRs in each case. 
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Figure 3.5. (a) 2D SAXS pattern, (b) Fourier transform of the TEM image shown in Fig-

ure 2b, and (c) azimuthally averaged intensity data of the scattering vector (q in Å
−1

) 

from (a). 

While the large area self-assembly of the DLC-GNRs on TEM grids is static, the es-

sential π-π interactions should also facilitate alignment of the GNRs in a parent 

triphenylene host. To study this, we prepared mixtures of the DLC-GNRs in two 

triphenylen-based hexagonal columnar LC hosts, H6TP forming an Colho (ordered hex-

agonal columnar) and H4TP forming a Colhp (hexagonal columnar plastic) phase, with 

the concentrations of the DLC-GNRs at 1 or 2 wt% (much higher than reported for many 

other nanorods in LCs
[20]

). This concentration will determine the numerical ratio between 

the H6TP (or H4TP) molecules and the DLC-GNRs. Assuming approximately 7×10
6
 free 

H6TP molecules per GNR (at 1wt% and 10 mg H6TP) in a given mixture, the ratio be-

tween free H6TP molecules and anchored discotic mesogens on the GNR surface is about 
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1,160:1, considering there are approximately 6,000 DLC silane molecules attached to the 

surface of each DLC-GNR (with 10% CTAB) following calculations published by 

Gelbart et al.
[21] 

The DLC-GNRs easily disperse in the parent DLC hosts (H6TP, 1) 

without showing any discernable aggregation under the polarized light optical micro-

scope (even at 100× magnification). The thermal property observed from differential 

scanning calorimetry (DSC) measurements (Figure B2 for H6TP) show that the liquid 

crystal phase transition temperatures are practically identical for the pure hosts and the 1 

and 2 wt% doped samples during both heating and cooling process (Table B1 for H4TP).  

 

At first, temperature-controlled polarized light optical microscopy was performed as 

this always provides the first clues if a particular nanomaterial tends to aggregate in a liq-

uid crystal host phase. For the given DLC-GNRs no such tendency was observed and 

aggregates that may eventually form at the higher concentration are not visible at magni-

fications up to 100×. For H6TP, the texture observed by POM for neat H6TP appear vir-

tually unaltered after the addition and dispersion of the DLC-GNRs. Figure 3.6a-c shows 

the typical dendritic (right at the transition from Iso to Colho) and mosaic-type textures 
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(deeper into the Colho phase) textures for neat H6TP and H6TP doped with 1 and 2wt% 

DLC-GNRs. 

 

Figure 3.6. POM photomicrographs (crossed polarizers) taken on cooling at 1 °C/min of: 

(a) neat H6TP at 99 °C (left) and 88 °C (right), (b) H6TP doped with 1wt% DLC-GNRs 

at 98 °C (left) and 85 °C (right), and (c) H6TP doped with 2wt% DLC-GNRs at 96 °C 

(left) and 85 °C (right).  

Similar overall trends were also observed for H4TP during POM analysis as shown in 

Figure 3.7. For H4TP, however, highly birefringent (and rather colorful) textures were 

observed on cooling in a very narrow temperature interval (~1 to 2 °C) immediately at 

the transition from the isotropic liquid to the Colhp phase. Similar textural features have 

previously been described for tilted, supramolecular chiral (or racemic) columnar phases, 

and provide the first hint for a potentially induced tilt after inclusion of the GNRs into the 

hexagonal lattice of the two hosts.  
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Figure 3.7. POM photomicrographs taken on cooling at 1 °C/min (left: uncrossed polar-

izers; right: crossed polarizers): (a) H4TP doped with 1wt% DLC-GNRs and (b) H4TP 

doped with 2wt% DLC-GNRs at various temperatures. Within a very narrow temperature 

interval on cooling, highly birefringent and colorful textures are seen immediately below 

the isotropic liquid phase.  
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    First, however, we wanted to test if the more fluid Colho of H6TP could be used to 

macroscopically align the DLC-GNRs, a critical aspect for the use of anisometric metal 

nanorods in potential applications as optical phase retarders or wave plates. To study this 

in a rather simple approach, the 1wt% DLC-GNRs doped H6TP sample was placed be-

tween two plain glass slides, and planar alignment of the Colho phase of H6TP was 

achieved by shearing the cover slide in one direction at a temperature of 85 °C. Polarized 

optical microscopy images of the alignment obtained for this cell are shown in Figure 3.8. 

Under crossed polarizers, when the shearing direction was parallel to the polarizer (direc-

tor n of the aligned H6TP molecules, yellow arrow), the aligned cells gave the weakest 

birefringence (Figure 3.8a). The birefringence reached the maximum when the shearing 

direction was 45° with respect to both polarizers (Figure 3.8b) indicating the planar 

alignment of H6TP in these non-treated cells. In order to investigate the orientation 

(alignment) of the DLC-GNRs doped in the superstructure of H6TP, the planar aligned 

cell was studied using linearly polarized UV-Vis-NIR spectrophotometry. From the spec-

tra of the polarized absorption experiments (Figure 3.8c), the absorbance band at around 

800 nm corresponding to the longitudinal SPR of the GNRs is tunable by rotating the 

planar aligned thin Colho film. The intensity of this band decreased when the angle be-

tween polarizer and the director n is rotated from 0° to 90° and it reaches the minimum 

intensity at 90°, while the polarization of the beam is perpendicular to the transversal di-

rection of the DLC-GNRs. This is in principle also true for the transversal SPR band cen-

tered around 535 nm (zero absorbance at 0° and 10°, maximum absorbance at 90°; 45° 

making the logical exception), which indicates that the majority of the DLC-GNRs in the 
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aligned cell follows the director n with their long axes a shown in the insert of Figure 

3.8c.  

 

 

Figure 3.8. (a, b) Polarized optical micrographs of the planar alignment cell of H6TP 

doped with 1 wt% of DLC-GNRs, (c) polarized UV-Vis-NIR spectra of the DLC-GNRs 

doped in H6TP (planar aligned cell) at different polarizer rotation angles.  

    The polarized UV-Vis-NIR spectrum at 90° shows as expected the weakest absorbance 

at 800 nm, but not zero, which means that the alignment of H6TP is not perfect (as can 

actually be seen in Figure 3.8a) but potentially also that a portion of the GNRs is not per-
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fectly aligned along the director. As one can see from Figure 3.8a, some areas still have 

weak birefringence showing as bright domains. The order parameter S of the DLC-GNRs 

can be calculated using the following equation: 
[22]

 

 

where  ‖‖ and  ⊥is the absorbance measured with the polarizer either parallel or perpen-

dicular to the director n, respectively. The resulting order parameter S (dichroic ratio) was 

calculated to be 0.38. Considering that the typical order parameter of planar alignment of 

columnar phase of discotic LCs achieved by mechanical shearing 
[23]

 is in the vicinity of 

0.5, the DLC-GNRs inserted into the planar alignment columnar phase are aligned along 

the director n with an over 75% efficiency. 

With POM and UV-Vis-NIR experiments suggesting that the DLC-GNRs are reason-

ably well dispersed in the hexagonal columnar LC phases of both H4TP and H6TP, we 

sought to determine if the suspended GNRs have any effect on the organization and struc-

ture of the host phase by performing medium and wide-angle X-ray diffraction experi-

ments. While we have not been able to pinpoint and carefully study the potential high-

temperature modification exhibiting the bright, highly birefringent textures for the 1 wt% 

and 2 wt% DLC-GNR in H4TP mixtures (too narrow temperature interval), the obtained 

X-ray diffraction data did reveal some rather unique trends when both hosts are doped 

with the DLC-GNRs. In both cases, we selected the same temperature well below the 

Iso/Colh phase transition temperature (since DSC and POM revealed no thermal effect of 

the addition of the DLC-GNRs in the two hosts) on cooling (80 °C for H6TP and 125 °C 
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for H4TP) and collected x-ray diffraction data, which are shown in Figure 3.9 and sum-

marized in Table 3.1. 

 

Figure 3.9. X-ray diffraction pattern and azimuthally averaged intensity data of the scat-

tering vector (q in Å
−1

) from the 2D pattern shown as insets. 

Table 3.1. Measured scattering vectors (q in Å
−1

) with respective Miller indices, and cal-

culated d spacing as well as lattice parameters of the Colh phase in nm. The intra-

columnar distance refers to the distance between molten hydrocarbon chains, the core-

core distance to the distance between the triphenylene cores within the columnar aggre-

gates. 

 Stacking periodici-

ties / nm 

Sample T / °C q(hkl) / Å
−1

 d / nm ahex / 

nm 

Intra-

columnar 

Core-

Core  

H6TP 80 q(100) = 0.3218 

q(110) = 0.5447 

q(200) = 0.656 

1.953 2.252  
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q = 1.27 

q = 1.66 

0.495  

0.379 

H6TP + 1wt% 

DLC-GNRs 

80 q(100) = 0.3485 

q(110) = 0.614 

q = 1.316 

q = 1.714 

1.803 2.082  

 

0.477 

 

 

 

0.367 

H6TP + 2wt% 

DLC-GNRs 

80 q(100) = 0.3231 

q(110) = 0.608 

q = 1.28 

q = 1.658 

1.945 2.246  

 

0.491 

 

 

 

0.379 

H4TP 125 q(100) = 0.3539 

q(110) = 0.645 

q(200) = 0.7148 

q(210) = 0.992 

q(220)(211) = 1.311 

q(311)(320) = 1.728 

q(002) = 1.7557 

1.775 2.05  

 

 

 

0.479 

 

 

 

 

 

 

0.358 

H4TP + 1wt% 

DLC-GNRs 

125 q(100) = 0.3673 

q(110) = 0.6307 

q(200) = 0.7415 

q(220)(211) = 1.324 

q(002) = 1.7534 

1.711 1.975  

 

 

0.475 

 

 

 

 

0.358 

H4TP + 2wt% 

DLC-GNRs 

125 q(100) = 0.3759 

q(110) = 0.6629 

q(200) = 0.7176 

q(210) = 0.95 

q(220)(211) = 1.319 

q(311)(320) = 1.729 

q(002) = 1.7564 

1.672 1.93  

 

 

 

0.476 

 

 

 

 

 

0.363 
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First, the diffraction pattern of both pure H6TP and H4TP perfectly match data pub-

lished previously
[24]

 . Second, the packing of H4TP appears to be more significantly im-

pacted by the dispersion of the DLC-GNRs than H6TP at least judging from the plot of 

the scattering intensity vs. q, with some with the (311)/(320) diffraction peak disappear-

ing and a completely altered intensity profile. The calculated data for the d spacing and 

the lattice parameter ahex (from d100), however, indicate that there is only a minor de-

crease in ahex for H4TP, but a significant decrease for H6TP both doped with 1 wt% 

DLC-GNRs, but not for the 2 wt% doped sample. While one would expect an increase in 

d spacing (and lattice parameter) 
[25] 

upon insertion of GNRs with a much larger diameter, 

the lattice parameter for the 1 wt% DLC-GNRs in H6TP sample decreases by about 8 %, 

which at this point could only be explained by a more efficient inter-digitation of the al-

kyl chains surrounding the triphenylene cores of H6TP. Here, the insertion of the GNRs 

might lead to packing mismatch between DLC molecules attached to the GNR surface 

and DLC molecules of the host. At the volume fraction of 1 wt% of DLC-GNRs in 

H6TP, such packing mismatch could lead to packing frustration that might be compen-

sated by a larger degree of inter-digitation. Such process, however, would be more pro-

nounced with H6TP than H4TP because of the longer hydrocarbon chains (see schemat-

ics in Figures 3.10 and 3.11). Such inter-digitation would be less significant for H4TP 

because of the shorter chain length, which is supported by the less significant decrease in 

d (and ahex) for H4TP doped with 1 wt% DLC-GNR (see Table 3.1). For H4TP this pack-

ing frustration reaches its maximum at 2 wt% DLC-GNRs indicated by a decrease of ahex 

to 1.93 nm (a 6 % decrease). The intra-columnar spacing however remains virtually iden-

tical. For H6TP, both the intra-columnar distance between the molten alkyl chains and 
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the core-core distance simultaneously decreases, most considerably for the 1 wt% doped 

H6TP, with a core-core distance decrease from 0.379 to 0.367 nm. However, once the 

concentration of the DLC-GNRs is doubled to 2 wt%, most likely an onset of aggregation 

of the GNRs minimizes these packing effects and the lattice relaxes back to the values of 

the non-doped H6TP host phase. Another possibility to explain a decrease of both ahex 

and core-core distance would be a molecular tilt of the molecules within the columns (23° 

to be exact), but this can be ruled out as the resulting phase would have a different sym-

metry. Such molecular tilt would give rise to an elliptical cross-section of the columns 

leading to an assignment as a rectangular columnar phase (Colr). In neither case do the 

powder XRD pattern support such phase symmetry and assignment. However, the inser-

tion of the GNRs, at least at lower volume fractions induces a tighter packing of the host 

molecules both inter and intra-columnar at 1 wt% for H6TP, which should give rise to a 

higher charge-carrier mobility in these phases, which we tested next using transient pho-

tocurrent measurements. For H4TP exclusively the inter-columnar packing decrease at 2 

wt% DLC-GNRs, which should in principle not affect the charge carrier mobility unless 

other electronic processes or ionic contributions are active.  
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Figure 3.10. Schematic of the Colho phase of H6TP and H6TP doped with 1wt% DLC-

GNRs showing the decrease in lattice parameter as well as intra-columnar packing. 

 

Figure 3.11. Schematic of the H6TP (or H4TP) doped with 1 wt% DLC-GNRs (3D and 

top 2D view) showing potential packing inefficiencies around a single DLC-capped GNR 

that are potentially compensated as determined by XRD. 
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These measurements require extremely pure samples and ideally excellent 

homeotropic alignment in thin, ITO-coated cells (cell gap: 2-3 μm), and the most reliable 

data sets were acquired for the ultrapure H4TP synthesized and purified previously by 

Shimizu and co-workers. 
[24]

 The use of thin cells for TOF measurements shows a direct 

effect on the alignment of the DLC-GNR composites. While we were unable to obtain 

complete homeotropic alignment in cells with a ≈15 μm cell gap, it occurred spontane-

ously for the 1 wt% DLC-GNR/H4TP composite in the ≈3 μm thin cell, and remained 

present throughout the whole temperature range analyzed on cooling (from 141 to 20°C). 

The 2 wt% composite also shows homeotropic regions albeit significantly smaller (see 

Figure B3). The presence of homeotropic regions in the DLC-GNRs composites contrib-

utes to the enhancement of the hole mobility as it reflects an increased uniaxial ordering 

along the columnar axis that is absent in the pure H4TP sample.  

Figures 3.12 and 3.13 show the obtained transient photocurrent decay curves for both 

hole and electron transports for H4TP doped with 1 and 2 wt% DLC-GNR s and H6TP 

doped with 1 wt% DLC-GNR s (hole mobility only). H4TP and H6TP are known to 

show ambipolar character for the charge transport in electronic processes, 
[32] 

and in com-

parison to those of the pure, undoped compounds, the GNR-doped systems tend to show 

noisy and less qualified decay curves, although an electric field-independent character of 

the mobility is still observed (see Figure B4). This may indicate that local disordering of 

the discotic molecules is induced by the addition of the surface modified DLC-GNRs. 

H4TP and H6TP both exhibit hexagonal columnar (Colh) phases, however with a slight 

difference in the molecular ordering. The shorter chain homologue, H4TP shows a 3D-

plastic columnar phase with a 2D hexagonal arrangement of columns (Colhp phase), 
[27]
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whilst H6TP displays a Colho mesophase with some degree of ordering along the colum-

nar axis (see X-ray diffraction data in Figure 3.9). Their hole and electron mobilities are 

recorded on the order of 10
−2

 and 10
−4

 cm
2
 V

−1
 s

−1
 for the Colhp and the Colho phase, re-

spectively, and both show largely temperature independent character. 
[24]

 The temperature 

dependencies of the charge carrier mobility for the two composites of H4TP are depicted 

in Figure 3.14. All essentially show a temperature independent nature for both holes and 

electrons except for a sudden jump at about 115 °C for the electron mobility. There is no 

evidence of a phase transition, although an optical texture change indicates a potential 

phase or structure modification within these domains around this temperature (see Figure 

3.14 b). This change in the optical textures is best described by a slight widening of the 

domain boundaries (Figure 3.7), although DSC measurements show no first order phase 

transition in this temperature range. Interestingly, this sudden change in mobility is not 

seen for the hole mobility, which drops for the 2 wt% mixture, likely due to an onset of 

aggregation of the DLC-GNRs in H4TP, but otherwise increases below the Cr/Colhp 

phase transition (rather than decrease for neat H4TP). Overall, the mobilities of both 

holes and electrons are comparable to those of pure H4TP in the LC phase, and the mix-

ture of 1 wt% DLC-GNRs in H4TP shows a slightly higher value of the mobility. This 

may indicate that the optimal concentration of the DLC-GNR s would exist around this 

concentration and provide the maximum mobility. For the 1wt% DLC-GNR composite 

with H6TP, the mobility behavior is similar to those of the composites with H4TP. Here, 

the measured hole mobility measured for the composite is slightly higher than the one of 

pure H6TP (≈3.2×10
−4

 cm
2
 V

−1
 s

−1
 for the composite vs 2.0×10

−4
 cm

2
 V

−1
 s

−1
 for neat 

H6TP over the Colho mesophase range. 
[24] 

The charge carrier mobilities obtained for 
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undoped H4TP as well as the composites with DLC-GNRs are summarized in Table 3.2, 

and the data for H6TP are collected in the Supporting Information (POM and hole mo-

bility, see Figure B5). 

 

Figure 3.12. Bias dependence of the hole mobility of: a) pure H4TP, b) 1 wt% DLC-

GNR s in H4TP, c) 2 wt% DLC-GNR s in H4TP (all three at 140 °C in the Colhp phase), 

and d) 1 wt% DLC-GNRs in H6TP (at 90 °C in the Colho phase). 
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Figure 3.13. Bias dependence of the electron mobility of: a) pure H4TP, b) 1 wt% DLC-

GNR s in H4TP, c) 2 wt% DLC-GNR s in H4TP (at 140 °C in the Colhp phase). 
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Figure 3.14. Temperature dependence of hole and electron mobilities for: (a) 1 wt% and 

(b) 2 wt% DLC-GNR in H4TP at 10 kV cm
−1

. 

Kumar et al. reported an enhancement of the conductivity with an inclusion of GNRs 

(1 wt% for H5TP) from 10
−9

 to 10
−6

 Sm
−1

 in the Colh phase, while the conductivity is 

higher than in the Iso phase (10
−7

 Sm
−1

). 
[25, 28]

 A related enhancement of the conductivity 

was also reported for composites with gold nanoparticles dispersed in H6TP. 
[33]

 The 

conductivity is a function of the number of efficient charges in the system and their mo-

bility. Enhancement of the conductivity is thus the result of an increased number of carri-

ers mobile in the system and/or improved mobility of the charge carriers. Hence, in both 
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composites of 1 and 2 wt% DLC-GNRs in H4TP, the enhanced conductivity reported is 

best explained by an increase in the number of efficient charges. If we assume that the 

charge conduction in this system is only arising from electronic processes, the doping of 

GNRs would have to elevate the number of charges. On the other hand, conductivity 

phenomena essentially include ionic transport processes. In particular, soft states of mat-

ter such as LC phases sometimes provide a good ionic charge transport path. 
[29]

 Consid-

ering that the mobilities measured using the TOF technique are rather high in comparison 

to those of ionic mobility, and that the temperature dependence obeys Arrhenius formal-

ism, the enhanced conductivity is probably derived from charge transport in ionic pro-

cesses. 
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Table 3.2. Carrier mobility for H4TP and H4TP doped with 1 wt% and 2 wt% DLC-

GNRs. 

 

 

Sample 

Charge carrier mobility (10
−2

 cm
2
/Vs) 

hole electron 

Colhp Cr Colhp Cr 

neat H4TP 1.7 1.4 2.0 4.9 

H4TP (1wt% DLC-GNRs) 3.9 6.7 5.2 8.2 

H4TP (2wt% DLC-GNRs) 0.7 3.1 2.4 4.1 

3.4 Conclusions 

In continuation of our earlier experiments on the reconfigurable self-assembly of nematic 

liquid crystal capped GNRs
[10, 16]

, we here demonstrate that GNRs functionalized with 

DLC π-π stacking motifs also fosters long-range, bulk self-assembly and permits align-

ment in a parent DLC host. The as-synthesized DLC-GNRs can be homogeneously dis-

persed in organic solvents such as toluene and chloroform at fairly high concentration. 

These dispersions, dried on TEM grids, flat substrates, or in the bulk show large area self-

assembly of the as observed by TEM and SAXS. However, true liquid crystalline behav-

ior could not be observed. The proposed stacking assembly model is supported by dis-

tance measurements using TEM image analysis and SAXS showing identical distances 

between side-by-side self-assembled GNRs based on π-π molecular stacks between 

neighboring GNRs. In combination with our earlier data regarding the distances between 

nematic LC functionalized GNRs
[10]

, the inter-particle distance, i.e. the coupling effect
[30]

, 

can be fine tuned by the LC packing mode, which shows promise for potential applica-

tion as metamaterials or field-enhanced spectroscopy units in electric and optical 
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nanodevices
[11,31]

. Furthermore, we have demonstrated that the DLC-functionalized 

GNRs are compatible with parent DLC hosts. The enhanced thermal stability provided by 

the silane conjugation approach allows us to disperse these DLC-capped GNRs without 

the risk of thiol desorption from the GNR surface eliminating the risk of free thiols con-

tributing both positively or negatively to the observed effects. Homogeneous dispersion 

and uniform alignment of the DLC-functionalized GNRs has been achieved in a planar 

aligned H6TP DLC host over areas as large as several cm
2
, employing a very simple and 

well-established alignment technique for DLCs without any electric or magnetic field. 

These composites show rather unique structural features particularly at the lower concen-

tration of 1 % by weight. SAXS data reveal that the lattice parameter decreases from 2.25 

nm to 2.08 nm for the host featuring longer hydrocarbon chains (H6TP) at 1 wt% of dis-

persed GNRs and relaxes back to 2.25 nm when the concentration of the GNRs is dou-

bled. This effect is more pronounced for the less viscous H6TP forming the Colho phase 

in comparison to the more viscous H4TP forming a plastic Colhp phase. Simultaneously, 

the intracolumnar distances also decrease at the lower concentration of GNRs especially 

in H6TP, which gives rise to an increase in the charge carrier mobility for both electrons 

and holes. These results indicate that the inclusion of the DLC-GNRs into the hexagonal 

columnar LC affects the charge transport efficiency only slightly at the lower concentra-

tion range of dispersed GNRs. However, the interdigitation of columnar semiconductors 

and functionalized metal nanorods as conducting active parts and electrodes, respectively, 

may provide a simple yet effective strategy for organic photovoltaics. 
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Appendix B 

Supplimentary Information of Chapter 3 

Detailed experimental procedures and analytical data for compounds 1-4: 

    2,3,6,7,10,11-hexakis(hexyloxy)triphenylene 1 (H6TP): 1,2-Bishexyloxybenzene (11.3 

g, 0.04 mol) was dissolved in 40 mL CH2Cl2, followed by adding 1 drop of H2SO4 (98%). 

Then FeCl3 (anhydrous, 12.97 g, 0.08 mol) was slowly added in to the solution under stir-

ring. The mixture was kept under stirring for 1 hour before poured into MeOH (300 mL, -

18 °C) under vigorous stirring. The precipitate was separated and purified by chromato-

graphic column using the eluent of petroleum ether/ethyl acetate = 20/1. The product is a 

white solid. 
1
H NMR (CDCl3): δ 7.84 (s, 6H, ArH), 4.25 (t, 12H, ArOCH2R), 1.96 (m, 

12H, OCH2CH2), 1.3-1.7 (m, 36H, CH2), 0.96 (t, 18H, CH3).  

    3,6,7,10,11-pentakis(hexyloxy)triphenylen-2-ol 2: A solution of H6TP, 1, (0.67 g, 0.5 

mmol) in anhydrous CH2Cl2 (10 mL) was cooled to 0 °C before 1.2 eq. (0.12 g, 0.6 

mmol) B-bromocatecholborane (dissolved in 1 mL CH2Cl2) was added dropwise. The 

mixture was keeping stirring at room temperature for 72 h before poured on ice water (50 

mL), and the water layer was extracted with CH2Cl2 (twice with 20 mL). The organic 

layer was separated, dried, and evaporated. The crude compound was purified by column 

chromatography (hexanes/ethyl acetate = 30/1). The resulting product is a dark brown 

crystalline solid. 
1
H NMR (CDCl3): δ 7.98 (s, 1H, ArH), 7.85 (m, 4H, ArH), 7.79 (s, 1H, 
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ArH), 5.95 (s, 1H, OH), 4.24 (m, 10H, OCH2), 1.96 (m, 10H, OCH2CH2), 1.3-1.7 (m, 

30H, CH2), 0.96 (t, 15H, CH3). 

    2,3,6,7,10-pentakis(hexyloxy)-11-(undec-10-en-1-yloxy)triphenylene 3: Compound 2 

(0.18 g, 0.24 mmol) was dissolved in 10 mL THF, and KOH (0.013 g, 0.24 mmol) was 

added under stirring. The reaction was refluxed for 1 h before 11-bromo-1-undecene 

(0.174 ml, 0.8 mmol) was injected. The system was kept under reflux for 24 h before 

poured into 20 mL 1M HCl, and extracted with CH2Cl2 (twice 20 mL). The resulting 

crude compound 3 was purified by recrystallization from n-hexane (Cr 30.5 Col 57.5 

Iso). 
1
H NMR (CDCl3): δ 7.84 (s, 6H, ArH), 5.81 (m, 1H, RCH=CH2), 4.98 (t, 2H, 

RCH=CH2), 4.24 (t, 12H, OCH2), 2.10 (m, 2H, RCH2CH=CH2), 1.96 (m, 12H, 

OCH2CH2), 1.3-1.7 (m, 42H, CH2), 0.96 (t, 15H, CH3).  

    Trimethoxy(11-((3,6,7,10,11-pentakis(hexyloxy)triphenylen-2-yl)oxy)undecyl)silane 

4
‡
:  Compound 3 (0.09 g, 0.1 mmol) was then dissolved in 2 mL dry toluene, and under 

stirring, 64 µL of trimethoxysilane (0.5 mmol) and 20 µL of Karstedt’s catalyst (0.1M in 

xylene) was added subsequently. The reaction was kept under stirring at room tempera-

ture for 24 h. The resulted trimethoxysilane compound 4 was dissolved in CHCl3 and pu-

rified by filtration through a 0.45 µm PTFE syringe micro-filter before the silane conju-

gation reaction to the MPS-coated GNRs. 
1
H NMR (CDCl3): δ 7.84 (s, 6H, ArH), 4.24 (t, 

12H, ArOCH2), 3.62 (s, 9H, SiOCH3), 1.96 (m, 12H, ArOCH2CH2), 1.3-1.7 (m, 46H, 

CH2), 0.96 (t, 15H, CH3), 0.72 (t, 2H, RCH2Si). 

‡
 The hydrosilylation reaction using Karstedt’s catalyst always produces a small amount 

of a side product as a result of the double bond migration (vinyl ⟶ allyl), which has 

proven impossible to remove by chromatography or recrystallization. However, in the 
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silane-hydrolysis/condensation step with the MPS-capped GNRs, this impurity is non-

reactive and is removed during the washing and isolation steps of the final DLC-GNRs. 

The trimethoxysilane-functionalized triphenylene derivative 4 also starts to react with it-

self (condensation reaction at ambient conditions – formation of a more and more vis-

cous solid), which makes determining phase behavior and phase transition temperatures 

difficult. 
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Figure B1. Representative TEM images: (a) TEM image showing the lack of long-range 

self-assembly or packing of the ODS-GNRs at the same concentration as the DLC-GNRs. 

At most 5 or 6 GNRs align parallel to one another in any section of the grids we tested 

with these GNRs. (b-e) Additional images for the DLC-GNRs showing the GNR ribbons. 

 

50 nm 

(a) 

(b) (c) 

(d) (e) 
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Figure B2. DSC traces of: (a) neat H6TP, (b) H6TP doped with 1 wt% DLC-GNRs, and 

(c) H6TP doped with 2 wt% DLC-GNRs. 

(a) 

(b) 

(c) 
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Table B1. Phase transition temperatures and enthalpies of H4TP doped with 1 and 2 wt% 

DLC-GNRs. These closely match published values for neat H4TP.
[B1]

 

 

 
Figure B3. Textures observed under POM (left-open and right-cross polarizer) of the thin 

films of (a) undoped H4TP, (b) DLC-GNR/H4TP 1wt%, and (c) DLC-GNR/H4TP 2wt%. 

Spontaneous homeotropic alignment can clearly be observed for the 1wt% mixture. 
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Figure B4. Effect of hole mobility upon increasing bias for: (a) H4TP doped with 1wt% 

DLC-GNRs, (b) H4TP doped with 2wt% DLC-GNRs, and effect of the electron mobili-

ty upon increasing the bias for: (c) H4TP doped with 1wt% DLC-GNRs, (d) H4TP 

doped with 2wt% DLC-GNRs.  
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Figure B5. (a) Photomicrographs of textures observed under POM (left: uncrossed and 

right: crossed polarizers) in the crystalline solid (45 °C), Colho phase (notice the much 

better homeotropic alignment for the less viscous H6TP), and at the isotropic liquid phase 

(a) 

(b) 
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(100 °C). (b) Hole mobility in the Colho phase of H6TP over the entire mesophase range 

at about 2×10
−4

 cm
2
/Vs measured in a ITO-coated cell with a cell gap of 12.4 m. 
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Figure B6. 
1
H NMR spectra of compound: (a) 2, (b) 3, and (c) 4. 

 

 

Figure B7. Schematic representation of the TOF experiment. The mobility μ depends on 

the applied voltage V and transit time tt according to the equation μ = ν/E = d 
2
/V tt, where 

ν is the drift velocity, d is the film thickness, and E is the applied electric field. 
[B2]

 

 

R=C
6
H

13
 

(c) 



           130 

 

  

OR

OR

OR

OR
-e-

3 3

OR

OR

H

H H
HH

H

RO

RO

OR

OR

-3H2

OR

OR

OR

OR

RO

RO

-3e-

 

Figure B8. Radical mechanism of aromatic oxidative coupling reaction. 
[B3]
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Chapter 4  

Summary and outlook 
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The purpose of the work presented in this thesis is to demonstrate a versatile approach for 

the fabrication, functionalization and manipulation of hydrophobic inorganic nanoparti-

cles with liquid crystal ligands. The assembly of nanoparticles, especially the ordered as-

sembly of anisotropic nanoparticles, has risen as a technology challenge for advanced ap-

plications of nanomaterials, derived from collective properties of nanoparticles such as 

plasmon coupling, surface-enhanced Raman scattering, resonance energy transfer en-

hanced photoconductivity, negative refraction index and magnetic coupling.
[1-6]

  The 

functionalized nanorods presented in this thesis possess enhanced self-assembly behavior 

in both monolayer and bulk conditions, and excellent dispersibility in many organic sol-

vents and compounds (e.g. liquid crystals as discussed), which allow them to be further 

manipulated in organic media. 

    The contributions of this thesis to the field of nanorod self-assembly, as distinguished 

by chapters, can be described as two parts. The fabrication of nematic LC-functionalized 

GNRs, as presented in chapter 2, provided an effective approach for the self-assembly of 

nanorods. Two types of nematic LC functional groups were used, terminal LC (LC1) and 

lateral LC (LC2), corresponding respectively to LC ligands with the trimethyloxysilane 

anchoring group on the end of one terminal alkyl chain (parallel to the long molecular 

axis) or on the lateral side chain (perpendicular to the long molecular axis). Both LC1- 

and LC2- functionalized GNRs exhibit large area 3D self-assembly with nematic-like or-

der, verified by TEM and SAXS. Plots of SAXS data also reveal a preferential packing 

mode of the nanorods, which are decided by the interaction of coated LC ligands. More 

importantly, the nematic LCs functionalized GNRs are demonstrated to be able to align 

under the stimulation of external magnetic field, which opens a new way for the manipu-
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lation of non-magnetic nanostructures, although macroscopic alignment of ordered nano-

rods may need the assistance of a certain amount of mixed-in LC free molecules to in-

crease the coupling energy between the LC ligands and the magnetic field.  

    Discotic LC functionalized GNRs also show enhanced large area self-assembly proper-

ties facilitated by discotic π-π stacking interaction. TEM and SAXS results verify 

monolayer and bulk side-by-side packing mode of DLC-GNRs, with the triphenylene 

motifs interdigitated with each other from different nanorod surfaces. The measured 

space distance from TEM and SAXS are consistent with the scale of the bi-molecular 

stack length. Here, along with nematic LC-GNRs, the demonstrated tunable space dis-

tance decided by the coating molecules is a promising direction for achieving space-

determined collective effects of nanoparticles 
[7-9]

. More importantly, macroscopic align-

ment of GNRs doped into thermotropic LC media has been achieved for the first time as 

determined by polarized UV-Vis-NIR. The planar alignment is realized through a simple 

and commonly used mechanical shearing of a DLC cell. One of the key factors of the 

prerequisites of this co-alignment is the homogeneous dispersion of DLC-GNRs in the 

parent DLC. Triphenylene based DLCs used in this work turn out to be an excellent and 

stable host for the DLC-GNRs compared with their nematic counterparts. The concentra-

tion of DLC-GNRs can go up to 2% by weight without showing any sign of aggregation. 

This highly stable and compatible mixture is attributed to the strong π-π stacking interac-

tion and the higher viscosity of the mesophase. Interestingly, SAXS data reveal changes 

of lattice parameters of DLC after the insertion of GNRs. Unlike normally expected in-

creasing values 
[10]

, both the inter-column and intra-column distance of the columnar 

phases decreased as much as 8%, which might be due to the phase compensation to the 
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packing mismatch created by the insertion of DLC-GNRs, leading to a larger degree of 

inter-digitation of the host molecules. The photocurrent conductivity measurements using 

a time-of-flight technique support a higher charge carrier mobility of the DLC-GNRs 

doped samples compared with the neat DLCs. It is not difficult to understand that with 

smaller intra-column distance and tighter overlapping of π orbitals, the hopping of 

charges along the DLC stacking columns should be much easier and faster.  

    Despite the systematic work presented in this thesis, there are still several aspects that 

could be addressed in future work. First, electro-optic tests of the mixtures of the nematic 

LC-GNRs doped into nematic and smectic LC phases could be performed. The Hegmann 

group demonstrated that spherical nanoparticle as additives modify the electro-optical 

properties of LCs to a significant extent. Yet, the effects of nanorod doping have not been 

investigated in the same detail. With the shape similarity of nanorods and calamitic LC 

host, the doping might create rather interesting properties.  

    Functionalization of nanorods with higher aspect ratios for alignment and manipulation 

purposes is also an interesting topic. Nanorods with higher aspect ratio should experience 

higher elastic torque in the LC host 
[11]

, which will facilitate the re-orientation in a highly 

predictable way.   

    The alignment of DLC-GNRs under the stimulation of magnetic fields should be a bet-

ter way for the orientation of GNRs compared with the nematic LC functionalized GNRs 

because of the higher magnetic susceptibility or diamagnetic anisotropy of DLCs 
[12, 13]

. 

Thus, a macroscopic co-alignment of DLC-GNRs doped DLC could be easily achieved 

through a magnetic field.              
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