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Abstract  
 

Self-assembly of nanomaterials with desired materials properties requires assembly control  from 

nanometer to millimeter scales. Here, hierarchical C60 and C70 films are assembled from 

nanoscale to macroscale by combining co-solvent precipitation with electric-field directed 

assembly. Fullerene molecular crystals are grown via seeded co-solvent precipitation with mixed 

organic solvents and antisolvent 2-propanol. Rods of varying aspect ratios (1.7, 2 and 3.7) are 

prepared as a function of injection volume, fullerene type and solution concentration. Electric 

fields are applied to colloidal fullerene rods confined to two dimensions. The applied field induces 

dipolar forces, dielectrophoretic forces, and electrohydrodynamic flows. Frequency-dependent 

phase transitions occur at the critical Maxwell–Wagner crossover frequency, where the effective 

polarizability of the particles in the medium is substantially reduced, resulting in changes in 

structure. Partial order phases form as a function of field strength, frequency, and confinement 

including tetratic, smectic, centered rectangular and string fluids.   
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Introduction  

 
Designer colloidal self-assemblies support structure-mediated electronic1, photonic2 and 

mechanical properties3 that have been applied in photovoltaics4, color-changing inks5, catalysis6, 

sensing7 and more. Frequently, these applications require programmable building blocks with 

properties not typically produced in colloidal synthesis, including semiconducting,8 magnetic9 

and high dielectric constant materials.10 Additionally, precise control of microstructure is 

required, necessitating tight control of inter-particle interactions and local packing. The assembly 

of building blocks with tunable inter-particle interactions11–13 and anisotropic shape is key to 

advancing self-assembly applications as it minimizes further processing required for templating 

an assembly (e.g. backfilling, sintering and chemically removing the template).14–16 To date, 

syntheses that produce electrically functional anisotropic particles with programmable 

interactions remain scarce, and extending the strategies for building materials at the molecular 

scale to the assembly of objects at larger scales is being actively pursued in colloid science.17,18  

A central challenge in designing assemblies with enhanced properties is expanding 

assembly techniques to generate structures beyond simple close-packed crystals.19 Anisotropic 

colloid morphologies expand the range of available structures and symmetries accessible through 

entropy-driven self-assembly.12 However, long-range orientational and positional control of 

anisotropic particles is technically challenging because assembly time scales are longer than 

spheres, and kinetic traps can prevent ordering.20 Structural control in self-assembled systems 

can be enhanced by electric-, magnetic-and flow fields, which direct the interactions between 

neighboring particles.21–24 In particular, electric fields applied to colloidal suspensions induce 

Page 3 of 29 Journal of Materials Chemistry C



 
4 

 

many-body dipolar interactions between particles and produce a wide phase diversity including 

superlattices, lock-and-key clusters, plastic crystals, tetratic mesophases, etc.25–30 The 

combination of multiple assembly effects can further enhance control of particle orientation, 

order and registry, but generally results in less uniform structures.31 Understanding the interplay 

of orthogonal assembly forces in assemblies of anisotropic particles allows us to better control 

the structure of colloidal solids. 

Here, we investigate the impact of confinement and electric fields on the assembly of 

fullerene molecular crystal rods. Leveraging the interaction of electric fields and two-dimensional 

confinement enables better control of colloidal film structure (particle alignment and 

orientation) and produces two-dimensional assemblies beyond thermodynamic equilibrium. 

Fullerene and functionalized fullerene systems have been proposed for use in  photovoltaics,32 

optoelectonic devices,33–35 and energy storage,36 but have been limited in macroscale 

ordering.33,37,38 By first preparing rod-shaped microcrystals using co-solvent precipitation and 

subsequently assembling the rods, we achieve hierarchical structures of fullerenes from the 

nanoscale to the macroscale. We vary the rod aspect ratio and the packing fraction of the 

molecular crystal rods as well as field strength and frequency. We find that the aspect ratio is 

critical to the assembly with and without electric fields. A wide range of partial order structures 

are characterized including tetratic, nematic, smectic A, disordered face-centered rectangular, 

and string fluids using nematic and tetratic ordering parameters. The frequency dependence of 

the rod assemblies is described by the Maxwell-Wagner crossover frequency, where a reduction 

in effective polarizability of the particles changes the assembly dynamics. Notably, the interplay 
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of particle anisotropy and confinement results in distinct phase transitions as a function of 

electric field frequency. 

 

Results and Discussion 

 We used scanning electron microscope images to characterize the morphologies, sizes 

and aspect ratios of fullerene microcrystal rods used in directed assembly studies (Fig. 1, Table 

1). All particles are identified by their fullerene chemistry and aspect ratio (e.g. a C60 particle with 

and aspect ratio of two is referred to as C60-2). The C60 rods were synthesized using co-solvent 

precipitation with mixed good solvent, i.e., tetralin (THN) as the good solvent and 2,4,6 

trimethylpyridine (TMP) as a structure directing agent.39  Figure 1 (a-b) displays these rods which 

have hexagonal faceting and aspect ratios of 2 and 1.7 respectively, which were prepared from 

200 L and 300 L injection volume of 80:20 THN/TMP, respectively. The particles are denoted 

C60-2 and C60-1.7 based on their composition and aspect ratio. 39 The C70 microcrystals 

synthesized with 200 L injection volume of mesitylene (C70-3.9) displayed in Fig. 1(c) have an 

aspect ratio of 3.9 and are not strongly faceted. Defects in particle morphology consisted 

primarily of broken particles, although branched crystal particles occurred rarely in the C60 

particle systems. The length, width and aspect ratios of all three particles (Table 1), were 

calculated from SEM images. All three particles display a polydispersity index (PDI) approaching 

unity, indicating a narrow distribution of particle sizes. 

The assembly of the fullerene rods under two-dimensional confinement without electric 

field is shown in Figure 2. The particles are injected into a wedge-shaped confinement cell and 
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driven to the bottom by slow centrifugation over several hours, then imaged with an optical 

microscope in situ (transmission mode). The C60-2 rods [Fig. 2(a)] form a tetratic mesophase with 

long range order, as confirmed by the Fast Fourier Transform (FFT) image in the inset which 

displays orientational ordering (four-fold symmetric sharp ring patterns). Previous theoretical 

work has predicted the formation of a tetratic mesophase for two-dimensional assemblies of 

dominos.40–42 However, true tetratic structures have been technically difficult to achieve due to 

their sensitivity to particle aspect ratio and degree of faceting, and have not been observed in 

assemblies of rods as predicted.43,44 Local tetratic packing is also present in the assembly of C60-

1.7 particles [Fig. 2(b)] as indicated by the inset FFT. The C70-3.9 rods pack into clusters of rods, 

and the orientation of these stacks does not have a long-range orientational correlation, resulting 

in an isotropic FFT pattern. We calculated the orientational order parameter 𝑆2𝑚 to characterize 

the overall nematic (𝑆2) and tetratic ordering (𝑆4) (see Table 2). The order parameter is calculated 

as 𝑆2𝑚 = 〈cos(2𝑚𝜃)〉 where 𝜃 is the angle between a particle and the local director. The surface 

coverage for each assembly was calculated using the dimensions calculated from SEM images 

and the particle counts from optical micrographs (Table 2). The surface coverage of the C60-2 rods 

was highest (70%), which was in good agreement with the high degree of ordering in that 

assembly (𝑆4 = 0.76). 

The orientational correlation function 𝑔2𝑚(𝑟)  is used to characterize the long-range tetratic 

ordering of the fullerene microcrystal rods.  The correlation functions plotted in Figure 3(a-c) 

were calculated from particle positions and orientations determined from representative 

micrographs covering between 1600 to 3200 m2. The correlation function is given by 𝑔2𝑚(𝑟) =

〈𝑐𝑜𝑠{2𝑚[𝜃(0) − 𝜃(𝑟)]}〉, where m = 1, 2, 3 corresponds to nematic, tetratic, and hexatic order. 
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For a given angular symmetry (m = 1, 2, etc.) correlation values approaching one correspond to 

higher correlation, whereas values approximately equal to zero indicate no correlation along 

those angles. The higher order correlation g8(r)  (m = 4) is used as a secondary indicator of tetratic 

ordering with higher sensitivity to angular misorientation.43 The correlation functions g4(r) and 

g8(r) in Figure 3(a) demonstrate long range correlation in the C60-2 system, confirming large 

regions of tetratic ordering. The faster decay of g8(r) occurs due to its high angular sensitivity, 

and the rapid decay of g2(r) and g6(r) indicate a lack of 2-fold and 6-fold symmetric ordering. The 

nearest neighbor distance, given by the peak in g2m(r), is 0.95 m, larger than the shortest 

dimension of the particle (0.61 m). This indicates an average spacing between C60-2 particles of 

approximately 0.34 m. 

The C60-1.7 system [Fig. 3(b)], displays a rapid decay of all the correlation functions, indicating 

orientational disorder. The tetratic correlation function only shows correlation to the second- 

nearest neighbor, indicating only small, weakly correlated regions. While long-range tetratic 

order was not observed in this system, clusters of tightly packed and aligned rods were observed, 

in line with Monte Carlo simulations of high aspect ratio rods.44 The nearest neighbor distance in 

the C60-1.7 system is 1.0 m, yielding an average interparticle distance of 0.16 m, indicating a 

smaller interparticle spacing than the C60-2 particles. 

The orientational correlations displayed in Fig. 3(c) for the C70-3.9 rods indicate only tetratic 

ordering within the nearest neighbors. The nearest neighbor distance for the C70-3.9 rods was 

0.35 m with an average interparticle spacing of approximately 60 nm. This close packing 

between the rods is supported by the much higher surface coverage values for the C70-3.9 films 
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(80%). The decay of both the C60-1.7 and the C70-3.9  assemblies occurs roughly at the aspect 

ratios of the particles, These results agree well with a wide range of theoretical studies, which 

predict that strong faceting (C60-1.7) and longer aspect ratios (C70-3.9) lead to weaker tetratic 

correlations.40,41,44 

 In self-assembled systems, the applications of an alternating current (AC) fields produces 

a frequency-dependent dipolar response in the particles, and modifies the interactions between 

particles.1,45 In the kHz to MHz frequency range, the dominant frequency-dependent 

phenomenon in particle suspensions is the Maxwell-Wagner interfacial relaxation.46 The 

interface between particle and medium produces a charge build-up with a characteristic dipole 

and corresponding dipolar relaxation time. The crossover frequency is the frequency at which 

the particle transitions from being polarized in one direction with respect to the field (e.g., along 

the field), to the opposite direction (e.g. against the electric field). The frequency dependence of 

the effective polarizability of fullerene microcrystals in the solvent, is determined by the real 

component of the Clausius-Mossotti factor (𝑅𝑒|𝐾(𝜔)|) for ellipsoidal particles, where  

𝐾𝛼(𝜔) =
𝜀𝑝
∗−𝜀𝑠

∗

3(𝜀𝑠
∗+(𝜀𝑝

∗−𝜀𝑠
∗)𝐿𝛼)

 ,      `   (1) 

where 𝛼 is a dimensions x and y, which correspond to the directions of the major and minor axes 

of the rod, respectively. The parameters 𝐿𝑥 and  𝐿𝑦 are 

𝐿𝑥 =
𝑎2𝑏

2
∫

𝑑𝑠

(𝑠+𝑎2)√(𝑠+𝑏2)(𝑠+𝑎2)2

∞

0

 

and 
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𝐿𝑦 =
𝑎2𝑏

2
∫

𝑑𝑠

(𝑠+𝑏2)√(𝑠+𝑏2)(𝑠+𝑎2)2

∞
0 , 

 where 𝑎 and 𝑏  correspond to the minor and major axes of the dimensionally equivalent ellipse. 

The complex permittivity is 𝜀∗ = 𝜀 −
𝑖𝜎

𝜔
 where 𝜀 is the dielectric constant, 𝜎 is the loss and 𝜔 is 

the frequency of the applied field.1,47 The subscripts of𝜀𝑝
∗  and 𝜀𝑠

∗ refer to the particle and solvent, 

respectively. The observed crossover frequency fc is proportional to the inverse of the Maxwell-

Wagner relaxation time 𝜏𝑀𝑊 =
√3(𝜀𝑝+𝐿𝛼(𝜀𝑝−𝜀𝑠))

𝜎𝑝+𝐿𝑦(𝜎𝑝−𝜎𝑠)
. The characteristic relaxation associated with the 

minor axis is predicted to occur at much higher frequencies the ones used in this study. At the 

frequency fc, the effective polarization of the particle in the medium sharply decreases in 

magnitude and we expect the system to demonstrate a transition in self-assembly behavior. The 

dipole moment within a rod can be estimated as48 

𝒑𝜶 = 4𝜋2𝑎2𝑏𝜀𝑠𝜀𝜊𝐾𝛼(𝜔)𝑬𝜶          (2) 

 For the calculation of 𝐾𝛼(𝜔), the fluid values were measured and the static dielectric constant 

for C60 and C70 from reference 49 was used. We used a range of conductivity from the literature 

as the conductivity of fullerene crystals is highly dependent on oxygen content, impurities and 

crystal structure.49–51  The dipole moment of the rods used in these assemblies are anti-parallel 

with the applied field at all frequencies for reported properties of fullerene molecular crystals, 

but still display a crossover frequency where the magnitude of the dipole is reduced.28 We 

calculated the orientational order parameter 𝑃2 that quantifies the alignment of particles with 

respect to the field (𝑃2 = 1 corresponds to alignment along the field, while 𝑃2 = -1 corresponds to 
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alignment perpendicular to the field and 𝑃2 = 0 corresponds to random alignment). The order 

parameter 𝑃2 is defined as: 

𝑃2 = ∫
exp(−

𝑈(𝜃)

𝑘𝑇
)

∫ exp(−
𝑈(𝜃)

𝑘𝑇
)𝑑𝜃

𝜋
2⁄

0

𝑐𝑜𝑠2𝜃𝑑𝜃
𝜋
2⁄

0
         (3 

where 𝑈(𝜃) is the energy of an polarized ellipsoid under an electric field: 

𝑈(𝜃) = −𝐴𝑅𝑒(𝒑 ∙ 𝑬).          (4) 

The 𝑃2 parameters for all three particle geometries are greater than zero for frequencies above 

and below fc, meaning that the particles align, on average, along the electric field at all 

frequencies measured here. The Clausius-Mossotti relationship has been applied in a variety of 

anisotropic particle systems and assumes an internal electric field parallel to the applied field.52,53 

We expected dielectrophoretic forces along the gradient of the electric field to play a negligible 

role in these assemblies of the rods they are confined to the plane of the electrode.1 Moreover, 

the self- and directed assembly of the fullerene rods were studied more than 20 m from the 

electrode, where edge field gradient effects are negligible. 

We assembled fullerene hierarchical films under two-dimensional confinement and electric 

field over a range of area fractions (Fig. 4) and characterized their order (Fig. 5, Table 2).  A field 

𝐄with frequency below the crossover frequency fc (1.8-2.4 MHz) was applied to induce dipolar 

interactions between the particles. For high area fraction in the C60-2 assembly [Fig. 4(a)], tetratic 

ordering was re-oriented so that the director pointed along the electric field, and gaps formed as 

particles exhibited chaining behavior parallel and perpendicular to the applied field. The 

increased tetratic ordering parameter 𝑆4 (0.82), and higher g4(r) and g8(r) correlation functions 
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showed that the electric field induced increased long-range ordering in the assembly while not 

affecting the overall surface coverage. As the area fraction is decreased [Figs. 4(b,c)] the rods 

oriented preferentially along the electric field in chains, with a smaller proportion of particles 

oriented perpendicular to the field. Rods with perpendicular orientation occurred where chains 

coalesced and act as bridges between chains. The 𝑆2 and 𝑆4 values increased as the overall area 

coverage is decreased, and the g2m(r) showed longer range orientational correlation for lower 

surface coverage, as expected. The nearest neighbor distance increased for all C60-2 assemblies 

with 𝑓 < 𝑓𝑐 to 1.4 m, indicative of the dominant head-to-tail configuration of particles under 

applied field. While the field-induced smectic phases and string fluids has been observed in three-

dimensional systems, 54 tetratic phases have not been predicted or observed under electric field 

in bulk systems.55 

  Assemblies of C60-1.7 rods [Figs. 4(d-f)] were generally less well ordered and more 

nematic than those for C60-2.0.  At high area fraction, the structure displayed some nematic 

character oriented along the electric field, as indicated by the FFT, though the g2m(r) calculations 

did not show long-range orientational ordering. The 𝑆2 and g2(r) order parameters increased with 

decreasing area fraction, indicating a transition from disorder to the nematic phase. At lower 

area fractions [Figs. 4(e, f)], the C60-1.7 rods preferentially re-oriented themselves with the field 

and chain, but the resulting chains were on average much shorter than those in the C60-2 

assemblies, suggesting that a reduction in anisotropy diminished chaining interactions between 

the rods.  

Page 11 of 29 Journal of Materials Chemistry C



 
12 

 

 At high and intermediate area fraction [Fig. 4(g)], the C70-3.9 rods formed smectic liquid 

crystal grains oriented along the electric field, as indicated by the FFT, 𝑆2 and g2(r) parameters. 

By applying an electric field, we enhanced the ordering of the C70-3.9 films while maintaining high 

coverage (area fractions up to 0.89), making these films appealing for photonic applications.20 At 

low area fraction, C70-3.9 rod assemblies transitioned from smectic regions with larger 

interparticle spacing [Fig. 4(h)] to string fluids [Fig. 4(i)]. Generally, increasing the particle 

anisotropy increased particle chaining effects, in agreement with theoretical predictions.52 The 

characteristic angle 𝜃𝑐  between neighboring C70-3.9 rods in the string fluids was approximately  

7 ° off from head-to-tail, distinct from the C60 string fluid assemblies, where we observed 0 ° 

characteristic angle (head-to-tail chaining). Chain formation at characteristic angles has been 

observed in assemblies of ellipsoids under field,56 whereas head-to-tail chaining occurs in faceted 

polyhedral particles. 29,57  Facets, particularly on the ends of the rods, are more clearly defined in 

the C60 systems, and this may account for the difference in chaining behavior. Notably, the 

observed characteristic angle for C70-3.9 rods was lower than predicted for an ellipse with 

equivalent aspect ratio (20  ° to 25 °)56 demonstrating that approximating the  C70-3.9 rods as an 

ellipse does not fully capture their chaining behavior.  

 At frequencies above fc, the magnitude of the effective polarization of the particle is 

decreased, and electrohydrodynamic flows are induced.28
 These flows push the rods toward the 

electrode edges, typically resulting in dense assemblies. We assembled rods above the crossover 

frequency fc (Fig. 6) and calculated the g2m(r) functions (Fig. 7). Both the C60-2 and the C60-1.7 

rods formed well-ordered smectic phases oriented along the electric field, as shown by the FFTs 

and the g2(r) functions. The C60-2 system displays a mixture of smectic A and disordered face-
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centered rectangular, while the C60-1.7 rods form exclusively smectic A. In contrast, the C70-3.9 

particles form a non-close-packed assembly in a mixture of centered rectangular configurations. 

Two registries between the rods are common (close-packed centered rectangular with 𝜃𝑐  = 70 °, 

and a spaced out ‘fishnet’ structure 𝜃𝑐  = 22 °), suggesting two interparticle dipolar configurations 

with similar energies. The 𝜃𝑐  for the ‘fishnet’ centered rectangular structure is similar to the 

predicted angle of an ellipsoid under field, but no secondary characteristic angle has been 

observed in ellipsoid assemblies under field. Monte Carlo double-charge simulations of rods with 

aspect ratios of 5.0 in three dimensions have predicted staggered rod configurations under 

electric fields, but only a single staggered configuration was predicted.54  

Conclusion 
In this report, we demonstrate the assembly of fullerene molecular crystal rods into two-

dimensional hierarchically-ordered macroscale films. These structures bypass the need for 

further processing for electronic and photonic applications because of the optoelectronic 

properties inherent to the fullerene building blocks. By varying the aspect ratio of the rods, we 

achieve a wide phase diversity as a function of filling fraction and field frequency including 

tetratic, smectic, disordered face-centered rectangular, and string fluids. Combining multiple 

assembly effects such as two-dimensional confinement and electric fields is a promising means 

to generate diverse structures. The phase behavior of the fullerene rods under field suggests that 

further theory is required to understand frequency-dependent response in confined anisotropic 

particle systems to account for excluded volume and particle geometry effects.  
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Methods 
 The synthesis of the C60 and C70 fullerene microcrystals has been described elsewhere in 

detail.39,58 In particular, a 10 mL aliquot of 2-propanol (Sigma-Aldrich, >99.8%) in a 20 mL 

scintillation vial was stirred on a magnetic stirrer plate at 500 rpm. For the C60 rods, fullerene 

C60 (Sigma-Aldrich, >99.9%) was dissolved in 80:20 tetralin [(1,2,3,4-tetrahydronaphthalene), 

Sigma-Aldrich, 99%]/ [(2,4,6 trimethylpyridine), Sigma-Aldrich, 99%] in an ultrasonic bath to 

produce a with a 1.8 mM fullerene concentration. The good solvent mixture was delivered via 

micropipette (200 L injection volume for C60-2, 300 L injection volume for C60-1.7) into the 

alcohol and stirring continued for a few seconds until the onset of fullerene crystal nucleation 

was indicated by color change. Stirring was continued for up to 10 s after color change, then 

removed from the stir plate. The solution was left uncapped to evaporate the excess alcohol over 

5–48 h. The C70-3.7 rods were similarly prepared in a 100% mesitylene solvent [(1,3,5-

trimethylbenzene), Sigma-Aldrich, >98%] with a 0.7 mM fullerene concentration and 200 L 

injection volume. The anisotropy and optical absorption properties of these particles do not allow 

for many standard particle-counting metrologies such as dynamic light scattering. Instead, the 

particle concentration in solution were counted using automated image analysis of a random 

sampling of microscope images. A known volume (10 µL of sample) was pipetted onto a cover 

slip of known area (20 mm x 20 mm) to construct a ‘slice’ of liquid where all particles were visible 
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with backlit illumination. Particles were counted over 100 images with 1600 µm2 surface 

coverage, and the known thickness of fluid volume was used to calculate the average particle 

concentration. 

Fullerene rods were tumbled in 2.3 mM solution of 40,000 MW Polyvinylpyrrolidone (Sigma 

Aldrich) in isopropanol overnight to prepare them for assembly. The fabrication of confinement 

cells has been described in detail elsewhere.28  A 20 μL aliquot of particle solution (concentration 

2 x 108/mL) was filled into the cell.  The cell opening was wrapped with Parafilm to prevent leaking 

and evaporation. Cells were centrifuged in a custom-built holder at 1500 rpm for 2-6 hours. 

Centrifugation was required to densify the particles at the bottom of the cell, and centrifugation 

rate was not found to affect the structure of the assembly. 

Confinement cells were imaged using a BX-51 Olympus microscope in bright field 

transmission mode at 100x magnification. Leads were attached to the electrodes using lead-tin 

solder, and fields were applied using a function generator (Tektronix), and a wide-band power 

amplifier (Krohn-Hite Corp. 7602M). Electric fields were applied for 2-6 minutes for low-

frequency experiments, with periods of 1-5 minutes between experiments. In these periods, 

short pulses of low voltage and frequency fields (2 Hz, 2.6 kV/cm) were utilized to induce 

oscillatory osmotic currents that returned particle disorder to the system. Electric fields were 

applied in order of increasing frequency. Assembly was observed more than 20 µm from the 

electrode edge to avoid regions with strong electric field gradients. 

The crossover frequency was empirically determined by examining the electrode edge and 

observing the particle behavior transition from attractive to repulsive with respect to the 

electrode. The crossover frequency (𝑓𝑐) observed was 1.8 MHz (C60) and 2.6 MHz (C70) (+/- 0.1 
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MHz) for field strength 5.4 kV/cm. The static dielectric constant of the medium was measured as 

1.7 x 10-12 F/cm using a coaxial dip probe and an LCR meter.  We calculated the conductivity of 

the medium by observing the crossover frequency of commercially available polystyrene colloids 

(Duke Scientific). Specifically, we combined particle dielectric constant values from the 

literature59 with our static dielectric constant measurements of the medium using the equation 

for the Maxwell-Wagner relaxation time. The conductivity of the medium was predicted to be 

1.75 x 10-6 S/cm at field strength of 5.4 kV/cm. ImageJ was used to process images and produce 

fast Fourier transforms (FFTs). Matlab graphical input was used to calculate the radial distribution 

functions and orientational correlation functions.  
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Tables and Figures 

 

  

Figure 1: SEM Images of fullerene microcrystal rods a) C60-2 rods, b) C60-1.7 rods and c) C70-

3.9 rods. 
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Figure 2: Assembly of fullerene microcrystal rods under two-dimensional confinement. a) 

C60-2 rods, b) C60-1.7 rods and c) C70-3.9 rods. 
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Figure 3: Orientational correlation functions g2m(r) for assemblies of fullerene microcrystal 

rods under two-dimensional confinement. a) C60-2 rods, b) C60-1.7 rods and c) C70-3.9 rods. 
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Figure 4: Assemblies of fullerene microcrystal rods under two-dimensional 

confinement and electric field frequency below fc. a-c) C60-2 rods assembled at 

10kHz, 4kV/cm for a) high area fraction, b) intermediate area fraction, c) low area 

fraction. d-f) C60-1.7 rods assembled at 10kHz, 4kV/cm for d) high area fraction, e) 

intermediate area fraction, f) low area fraction. g-i) C70-3.9 rods assembled at 10kHz, 

5.3kV/cm for g) high area fraction, h) intermediate area fraction, i) low area fraction. 
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Figure 5: Orientational correlation functions g2m(r) for assemblies of fullerene microcrystal 

rods under two-dimensional confinement and electric field frequency greater than fc. a) C60-

2 under two-dimensional confinement and electric field frequency below fc. a-c) C60-2 rods 

assembled at 10kHz, 4kV/cm for a) high area fraction, b) intermediate area fraction, c) low 

area fraction. d-f) C60-1.7 rods assembled at 10kHz, 4kV/cm for d) high area fraction, e) 

intermediate area fraction, f) low area fraction. g-i) C70-3.9 rods assembled at 10kHz, 

5.3kV/cm for g) high area fraction, h) intermediate area fraction, i) low area fraction. 
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Figure 6: Assemblies of fullerene microcrystal rods under two-dimensional confinement and 

electric field frequency greater than fc. a) C60-2 rods assembled at 3 MHz, 1.36 kV/cm, b) C60-

1.7 rods assembled at 3 MHz, 1.36 kV/cm, and c) C70-3.9 rods assembled at 3.1 MHz, 1.23 

kV/cm. 

Page 25 of 29 Journal of Materials Chemistry C



 
26 

 

 

 

  

Figure 7: Orientational correlation functions g2m(r) for assemblies of fullerene microcrystal 

rods under two-dimensional confinement and electric field frequency greater than fc. a) C60-

2 rods assembled at 3 MHz, 1.36 kV/cm, b) C60-1.7 rods assembled at 3 MHz, 1.36 kV/cm, and 

c) C70-3.9 rods assembled at 3.1 MHz, 1.23 kV/cm. 
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Table 1: Particle size statistics as calculated from SEM images. Reported uncertainties are standard 

deviations and the polydispersity index (PDI) is calculated for each dimension and the aspect ratio. 

PARTICLE NAME LENGTH (µM) WIDTH (µM) ASPECT RATIO 

C60-2 1.23 ± 0.05 (PDI 0.99) 0.61 ± 0.03 (PDI 0.99)      2.01 ± 0.13 (PDI 0.99) 

C60-1.7 1.46 ± 0.04 (PDI 0.99) 0.86 ± 0.04 (PDI 0.99) 1.70 ± 0.09 (PDI 0.99) 

C70-3.9 1.15 ± 0.05 (PDI 0.99) 0.29 ± 0.03 (PDI 0.98) 3.89 ± 0.46 (PDI 0.98) 
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Table 2: Nematic and tetratic order parameters for rod assemblies with and without electric fields. Area 

fraction is calculated using the particle dimensions calculated from SEM images and the number density 

of particles from the microscope images.  

PARTICLE 
NAME 

FIELD AREA 
FRACTION 

AREA 
FRACTION 
(UNITLESS) 

S2 S4 NEAREST 
NEIGHBOR 

DISTANCE (µM) 

C60-2 No field  0.42 0.34 
 

0.76 0.96 

 𝑓 < 𝑓𝑐 High 0.48 0.24 0.82 1.44 

 𝑓 < 𝑓𝑐 Moderate 0.30 0.32 0.88 1.44 

 𝑓 < 𝑓𝑐 Low 0.54 0.51 0.94 1.44 

 𝑓 > 𝑓𝑐  0.6 
 

0.99 0.96 0.96 
 

C60-1.7 No field  0.55 0.25 0.45 1.0 

 𝑓 < 𝑓𝑐 High 0.55 0.59 0.36 1.68 

 𝑓 < 𝑓𝑐 Moderate 0.44 0.82 0.71 1.68 

 𝑓 < 𝑓𝑐 Low 0.22 0.95 0.85 1.91 

 𝑓 > 𝑓𝑐  0.58 0.71 0.62 1.44 

C70-3.9 No field  0.80 0.32 0.43 0.35 

 𝑓 < 𝑓𝑐 High 0.89 0.82 0.64 0.35 

 𝑓 < 𝑓𝑐 Moderate 0.71 0.85 0.69 0.47 

 𝑓 < 𝑓𝑐 Low 0.49 0.99 0.97 0.35 

 𝒇 > 𝒇𝒄      0.52 0.88 0.73 0.48  
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