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Abstract   

This project is designed to experimentally determine how the nematic-isotropic phase 

transitions of numerous colloidal composites consisting of the anisotropic liquid crystal 5CB and 

symmetric nanoparticle C60 change as C60 mass concentration increases. Composites were placed in a 

MDSC and were heated and cooled at different frequencies and temperature ramp rates.  Using this 

thermo-analytical technique comparisons of different concentration’s reversible and nonreversible heat 

capacitance signals were analyzed which yielded values for the isotropic to nematic phase transition 

temperature, enthalpy during the transition, and the coexistence region of both phases during the 

transition. The analysis showed some unexpected fluctuating results. Images of the different 

concentrations were taken using a polarized light microscope, the images showed isolated domains of 

C60 and 5CB. To test whether the unexpected results were due to these domains and steric in nature a 

mechanically quenched macroscopic model of the different composite concentrations was constructed 

and tested. This steric modeling confirmed that the local domains were due to the unique geometries of 

the 5CB and C60 molecular structure and that steric volume packing may account for the unexpected 

thermal results. 
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1. Introduction 

1.1 Thermodynamics Review 
Thermodynamics is the study of energy and how energy is transformed. The application of 

thermodynamics begins with defining a thermodynamic system.1 Once a thermodynamic system is 

identified the thermodynamic states of the system components can be analyzed. A thermodynamic 

state is a specific set of well define values for the various thermodynamic properties. Thermodynamic 

equilibrium is where the thermodynamic states stay the same meaning there is no change in the 

system’s thermodynamic properties. There are only four thermodynamic properties which can be 

directly measured they are temperature, volume, pressure, and mass. These four properties are directly 

related to the non-measurable thermodynamic such as entropy, internal energy, enthalpy, Gibbs free 

energy, heat capacitance by thermodynamic functions also known as Maxwell Relations.1 For more 

information on these relations see Thermal and Statistical Physics by Gould and Tobochnik. Temperature 

is basically a measure of the amount of motion the atoms possess in a given system, the more motion 

the higher the temperature. Enthalpy is defined as the system’s internal energy added to the product of 

the system’s pressure and volume. Heat capacity is the ratio of heat absorbed by at material to the 

temperature change. The latent heat is the heat absorbed or released as the result of a phase 

transition.1 This project will focus on properties such as temperature, heat capacitance, enthalpy, and 

latent heat.  

1.2 Phases  
 Phases are defined as thermodynamic states of matter, differing in degree and kind of order .2 

The classical phases of matter are solid, liquid, and gaseous. For example water has three phases solid 

(ice), liquid, and gas (steam, vapor). There are phases and phase transitions other than the classical ones 

such as plasmas, gels, and liquid crystals. Liquid crystals show an intermediate phase between the 
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conventional solid and liquid phases.  The materials that exhibit these intermediate phases are 

commonly referred to as mesogens and the phases are known as mesophases.3 

1.3 Phase Transitions 
A phase transition is defined as the transformation of a thermodynamic system from one phase 

to another. Classic phase transitions include solid to liquid (melting), liquid to gaseous (boiling), and the 

reverse gaseous to liquid (condensation), and liquid to solid (freezing). Phase transitions can be first 

ordered or second ordered. Ehrenfest first defined a first order phase transition as a discontinuity in the 

derivative of some thermodynamic variable (enthalpy, heat capacitance, ….) with respect to the 

system’s free energy and a second order phase transition as a discontinuity in the second derivative. 

Ehrenfest’s model is flawed in some systems in systems. Modern thermodynamics says a first order 

phase transition is one in which latent heat is present while in a second order phase transition there is 

no latent heat.4 This project will deal with first order phase transitions. 

1.4 The Liquid Crystal Mesophase 
 The first scientific observation of a liquid crystal was in the 1850s by Virchow, Mettenheimer  

and Valentin; while studying a nerve fiber, they found that when placed in water  the nerve fiber turned 

fluid like and exhibited some strange behavior when looked at with polarized light, unbeknownst to 

them the substance was liquid crystalline.5 The next observation in the history of liquid crystals was by 

the Austrian botanist/chemist Friedrich Reinitzer in 1888 at the University of Plant Physiology which was 

a subset of the University of Prague.  Reinitzer was extracting cholesterol from carrots trying to 

determine to determine the correct molecular weight and formula of cholesteryl benzoate.6,7 To 

determine the molecular weight and formula, Reinitzer had to find the exact melting point of cholesteryl 

benzoate.  As he performed the experiment to find the melting point Reinitzer noticed that cholesteryl 

benzoate seemed to have two melting points, one at 145.5°C and the other at 178.5°C degrees. The first 

melting point made the cholesterol appear as a cloudy liquid and at the next melting point the liquid 

http://en.wikipedia.org/wiki/Phase_(matter)
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became clear and transparent.8 The transition also appeared reversible. Reinitzer first took this strange 

behavior to be impurities in his sample but after repeated attempts and further purification he sent a 

sample to German physicist Otto Lehmann for analysis.  Lehmann put the cloudy sample under a 

polarized microscope and observed the molecules to be in a crystalline structure while still flowing like a 

conventional liquid. He dubbed the newly discovered phase of matter a liquid crystal. Approximately 5% 

of all organic compounds exhibit some liquid crystalline behavior.9  

1.5 Liquid Crystal Phases 
Liquid crystals have the unique reversible ability to have many different phases between the 

classic solid and liquid phase.  A liquid crystal phase can be determined based on the order of its 

molecular structure or order parameter S, which is defined as, 

𝑆 =  
1

2
  3𝑐𝑜𝑠2𝜙 − 1 = 𝑃2 𝑐𝑜𝑠𝜙  

where 𝜙 is an angle measured along a dimensionless unit vector 𝒏  called the director which is used to 

represent the preferred direction that the molecules fluctuate around and the <> brackets represent a 

thermal averaging. The order parameter is also equal to an average of the second Legendre 

polynomial.10 

 

Figure 1 Illustration of the Director
11 

The closer to one S is the more ordered the liquid crystal is and the closer to zero the more disordered 

the liquid crystal is. If the order parameter is one then the material is  solid crystal (𝑆 = 1 and 
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 cos2 𝜙 = 1) and if the order parameter is zero then the material is an isotropic liquid (𝑆 = 0 and 

 cos2 𝜙 =
1

3
).3 Typically as temperature rises the order decreases and vice versa. All liquid crystals 

phase transitions are a function of temperature. A thermotropic liquid crystal is organic and has phase 

transitions dependent upon temperature alone. A lyotropic liquid crystal is also organic but is a mixture 

of certain molecules and solvents and has phase transitions dependent upon temperature and the ratio 

of the molecules to the solvents.  This project will focus on a thermotropic liquid crystal colloidal 

composite. A summary of the relationship between order, temperature, and the liquid crystal phase can 

be seen below in Figure 2. 

 

Figure 2 Liquid crystal Temperature/Order
12 

 The lowest ordered phase of a liquid crystal, where the order parameter is zero, is at higher 

temperatures in comparison to the other phase temperatures (above the Critical Temperature 𝑇𝑐 ), the 

bulk liquid crystal structure will become an isotropic liquid while the molecules are anisotropic. In an 

isotropic liquid the molecules are free to move wherever they like and their positional order and 

orientation is totally random, a director doesn’t exist. As an isotropic liquid the molecules have the same 

properties in all directions.2 The liquid crystal in the isotropic phase will have no long range order but 

𝒏  
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will possess some short range order caused by intermolecular interactions. The short range order can be 

viewed as remnants of the nematic order and the concept is analogous to boiling water, at the critical 

temperature water will begin to boil but won’t all boil at once and there will be remnants of the liquid 

phase.3  DeGennes introduced a Laude type phase transition theory based on a short range order 

parameter to describe the isotropic phase transition.3 An example of the molecules in an isotropic liquid 

crystal can be seen in Figure 3. 

 

Figure 3 Isotropic Liquid
13 

 The Nematic phase is the most simple liquid crystal phase; it is very fluid like and is the phase 

closest to an isotropic liquid while still exhibiting anisotropic tendencies. The word nematic was derived 

from the Greek word νημα which translates to thread because of the appearance of thread like defects 

in the surface of the liquid crystal when viewed through a polarizing microscope.10 In the nematic phase 

liquid crystal molecules have no positional order but possess some degree of long range orientational 

order  and align themselves in some direction that is defined as the director.2,7 Maier and Saupe 

introduced a simple way to describe liquid crystals in order to explain the phase transition and the 

behavior of the long range order parameter when approaching the critical phase transition temperature 

𝑇𝑐 .14 The theory treats the liquid crystal molecules as rigid rods and they are correlated with one 

another by Coulomb interactions.3 Figure 4 represents the molecules in the nematic phase. 

http://upload.wikimedia.org/wikipedia/commons/f/f1/Isotropic3d.png
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Figure 4 Nematic Liquid Crystal

12 

Molecules in the nematic phase tent to be centrosymmetric meaning they are identical along +𝒏  and 

−𝒏 . The individual molecules each carry a permanent dipole moment and tend to align themselves in a 

way such that the bulk dipole moment is vanishing.3 This project will strictly focus on the nematic to 

isotropic phase transition due to heating and the isotropic to nematic phase transition due to cooling. 

Some other phases that liquid crystals exhibit are cholesteric phases or also known as chiral 

nematic phases. In this phase two dimensional disks of nematic like structures stack together with each 

disk slightly twisted with respect to the one above it creating an overall helical structure. There are also 

smectic phases which have a higher order than the nematic phase and in turn are more solid like than 

the nematic phase. Smectic phases also show translational order. The word smectic is derived from the 

Greek word for soap because of its soapy visual appearance.2 In smectic phases molecules usually form 

layers or planes and the molecules are free to move within the layers and move less freely between 

layers. Separate planes or layers can move with respect to each other. Within each two dimensional 

plane or layer the liquid crystal is basically in the nematic phase.15 There are a rich variety of smectic 

phases. For more detailed information on cholesteric and smectic phases see DeGennes The physics of 

Liquid crystals. 

 Solid crystalline phase is the highest ordered phase where the order parameter is equal to one. 

This phase occurs at lower temperatures in comparison with the other phase temperatures. The 

𝒏  
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structure is no longer fluid like and the molecules may only vibrate in position and they cannot move 

freely. The crystal is characterized by a three dimensional arrangement of atoms that are repeated over 

and over. A typical crystal structure can be seen in Figure 5. 

 

Figure 5 Crystal structure of diamond
16 

1.6 5CB  
5CB or 4’-n-pentyl-4-cyanobiphenyl is a thermotropic liquid crystal which only has one liquid 

crystalline phase, the nematic. It is a rod-like geometrically anisotropic mesogen that transitions from a 

solid crystal to the nematic phase at about 22.5: C and transitions from nematic to isotropic at about 

35: C. The latent heats released or absorbed in those transitions is 17.2 kJ and .8 kJ respectively.17 The 

transitions between these phases are enantiotropic, they are reversible upon heating and cooling.17 5CB 

consists of 18 carbon molecules, 19 hydrogen molecules, and one nitrogen molecule. A 5CB molecule is 

approximately 20 angstroms long and 5 angstroms wide at the equatorial center. 5CB also has a strong 

longitudinal dipole moment.17 A picture of its molecular structure can be seen below in figure 6.  

 

Figure 6 5CB Molecule
18 
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5CB has a molecular weight of 249.4 g/mole and a density of about 1 gram per centimeter cubed.19 

Because 5CB is without a central linking group it is one of the most stable liquid crystals ever synthesized 

which makes it one of the most studied.3  

1.7 Buckministerfullerene C60 
 A fullerene is defined as a molecule composed entirely of carbon. They can take the shape of a 

sphere(ball), line (wire), ellipsoid(egg), or cylinder(tube). Common fullerenes include buckyballs and 

carbon nanotubes. Fullerenes are carbon allotropes; others include diamond, graphite, and charcoal. 

Buckyballs also known as buckministerfullerene or C60 consists, of 60 carbon atoms which are linked 

together and resemble a soccer ball. It was named after R. Buckminster Fuller because the 

nanostructure resembled the geodesic domes he created as an architect.20 A C60 molecule is a truncated 

icosahedron with twelve pentagons and twenty hexagons, with each polygon edge consisting of a bond 

and each vertex consisting of a carbon molecule.21 Each carbon molecule is covalently bonded to three 

other adjacent carbon atoms.20 A C60 molecule can be seen below in Figure 7.  

 

Figure 7 C60 fullerene
22 

  The Van der Waals diameter of C60 is approximately 1 nanometer, the nucleus to nucleus 

diameter is about .7 nano-meters, and the average bond length is around 1.4 angstroms. C60 is the most 

common fullerene found in nature and is observed in small amounts soot or smoke from certain forms 

of carbon. C60 is the only known carbon allotrope to be soluble.23 C60 was first theorized in 1970 by Eiji 

http://images.suite101.com/799781_com_c60.png
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Osawa of Toyohashi University of Technology and first observed in 1985 using mass spectrometry.24 

Buckyballs have some unique characteristics; they are roundest most symmetrical molecule known to 

man which makes them very resistant to high speed collisions. The buckyball can withstand slamming 

into a stainless steel plate at 15,000 mph and just bounce back with no damage and when compressed 

to 70 percent of its original size the buckyball becomes more than twice as hard as diamond.25 C60 is the 

largest and most complex molecule to date that was experimentally shown to have a DeBroglie 

wavelength which shows its inherent wave-particle duality. The C60 molecule is also extremely stable 

and since carbons atoms are only bonded to other carbon atoms the molecule is very inert. The bonds 

have a property called aromaticity, meaning the electrons can move freely between the bonds.23 C60 

molecules cannot bond to other C60 molecules however they do stick together on account of Van Der 

Waals forces.  C60 has many potential applications because it’s unique physical properties. Some of the 

physical characteristics of C60 can be seen in Figure 8. 

C60 Properties 

Average C-C distance 1.44 Å  

FCC Lattice constant 14.17 Å  

C60 mean ball diameter 6.83 Å  

C60 ball outer diameter 10.18 Å  

C60 ball inner diameter 3.48 Å  

Tetrahedral site radius 1.12 Å  

Octahedral site radius 2.07 Å  

Mass density 1.72 g/cm3  

Molecular density 1.44 x 1021/cm3  

Compressibility (-d in V/dP) 6.9 x 10-12/cm3/dye  

Bulk modulus 14 Gpa  

Structural phase transitions 255K, 90K  

Binding energy per atom 7.4 eV  

Electron affinity (pristine C60) 2.65 eV  

Ionization potential (1st) 7.58 eV  

Ionization potential (2nd) 11.5eV  

Vol. Coeff. Of thermal expansion 6.2 x 10-5 cm3/K  

Band gap (HOMO-LUMO) 1.7 eV  

Spin- orbit splitting C (2p) 0.0022 eV  

Velocity of sound vt 2.1 x 105 cm/sec  

Velocity of sound vl 3.6 x 105 cm/sec  

Debye temperature  185 K 

http://en.wikipedia.org/wiki/Toyohashi_University_of_Technology
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Thermal conductivity (300 K) 0.4W/mK  

Phonon mean free path 50 Å  

Static dielectric constant  4.0 – 4.5 

Standard heat of formation  9.08 k cal mol-1  

Index of refraction 2.2 (600nm)   

Boiling point Sublimes at 800K  

Resistively  1014 ohms m-1  

Vapor density  N/A  

Vapor pressure 5 x 10-6 torr at room temp. 
Figure 8 Properties of C60

26 

1.8 Recent research in 5CB Fullerene composites 
A recent study was performed testing the properties of 5CB liquid crystal and multiwalled 

carbon nanotube  (MWCNT) 5-30 nm in diameter and 1-5 µm in length composites. The nematic to 

isotropic phase transition of weight concentrations 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 percent MWCNT in 

a 5CB medium were studied electrically and thermodynamically using the technique of dielectric 

spectroscopy and AC calorimetry respectively. Both experimental techniques suggested that the 

MWCNT dispersed in the 5CB created a local lyotropic pseudo-nematic  phase but this does not change 

the net energy fluctuation in the isotropic to nematic phase transition. This lyotropic pseudo-nematic 

phase may be caused by the MWCNT aggregation, due to the 5CB molecules anchoring to the outside of 

the nanotube wall and Van Deer wals forces between the MWCNT, which create local isolated short 

range orientation orders.27  
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2. Methods 

2.1 Sample preparation 
 The goal of the sample preparation was to make the dispersions of C60 as homogenously 

dispersed throughout the 5CB as possible and make all composites the same way without any 

contamination. The first step of preparing the composite samples was to clear the lab area and remove 

all foreign dirt and dust that would contaminate and samples. The glass vials to put the samples in and 

the lab spoons used to scoop the materials with were first cleaned with purified water and placed on the 

hot plate at 50 degrees Celsius for approximately a half hour, the glass containers and instruments were 

then cleaned with pure acetone and again placed on the hot plate for approximately an hour at 50 

degrees Celsius.  

 Next the scale was calibrated and the materials were weighed out. The method was a container 

would be weighed out and after the scale had zeroed the glass vial would be reweighed after some 

liquid crystal was placed inside. The new mass minus the mass of the glass container empty would yield 

the mass of the liquid crystal.  

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐿𝑖𝑞𝑢𝑖𝑑 𝐶𝑟𝑦𝑠𝑡𝑎𝑙 = 𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑠𝑠 − 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑒𝑚𝑝𝑡𝑦 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 

The liquid crystal mass would then be multiplied the percentage of the composite being made and that 

mass would be the mass of the C60 which was to be weighed out and mixed with the 5CB to make the 

composite.   

𝑀𝑎𝑠𝑠 𝑜𝑓 C60 = 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐿𝑖𝑞𝑢𝑖𝑑 𝐶𝑟𝑦𝑠𝑡𝑎𝑙 ∗ (𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒) 

A new piece of sterile non-stick wax paper was placed on the scale, the scale was zeroed, then the C60 

was scooped onto the paper until the desired amount was weighed. The C60 was then placed inside the 

glass container holding the liquid crystal. 
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 A liberal amount of pure acetone was squeezed into the mixture to dilute and enable an easier, 

more uniform, diffusion of the C60 molecules into the bulk liquid crystal. The container cap was screwed 

on and the container was manually shaken up and placed in the sonic vibrator over night. The container 

was then placed on the hot plate at 50 degrees Celsius over night with the cap off to evaporate the 

acetone. To ensure that all traces of the acetone and moisture were gone the composite sample was 

degassed by being placed on the hot plate at 40 degrees Celsius and slowly put under vacuum for 

approximately 2 hours. The cap was then screwed back onto the container put in storage until the 

experimentation was ready. Before the sample was placed into any cell the container was placed on the 

mechanical vibrator for approximately 10 minutes to ensure homogeneity.  

2.2 Modulated Differential Scanning Calorimetry (MDSC) 

2.2.1 Introduction to Modulated Differential Scanning Calorimetry 

 A differential scanning calorimeter is an experimental devise which heats/cools a sample 

material with a linear heat ramp while measuring the heat into or out of the sample relative to a 

reference.28 While a modulated differential scanning calorimeter overlays a sinusoidal temperature 

oscillation on the traditional DSC linear heat ramp, see figure 9.29  



21 
 

 

Figure 9 Modulated Temperature superimposed on Average Temperature Rate 

 The linear ramp rate provides the total heat flow rate and the sinusoidal modulated heating rate is used 

to determine the part of the total heat flow rate that responds to a change in heating rate. This part of 

the heat flow rate is generally caused by the heat capacity or a change in the heat capacity.30 One of the 

disadvantages of the traditional DSC machine is that it is not possible to maximize sensitivity and 

resolution in one experiment. In a DSC machine, to increase the sensitivity of detecting transitions 

within the sample one must increase in crease sample size or ramp rate or both. This increased 

sensitivity will decrease resolution because both the increase in sample size and ramp rate will cause a 

larger temperature gradient within the sample. MDSC can have both high sensitivity and high resolution 

in the same experiment because of its two simultaneous heat rates. The average heating rate can be 

slowed to improve resolution while the modulated heating rate can be high to improve sensitivity.28 

Traditional DSC can only measure the average heat flow rate of any process which makes any individual 

process undistinguishable. By introducing a modulated heating rate along with a linear heating rate 

MDSC can measure the components of the heat flow and individual processes can be identified. This 

feature of MDSC is valuable when experimenting on blends of materials or composites.31 It is important 
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to point out that the average value of the modulated heat flow signal is equal to the heat flow signal 

from the conventional DSC at the same average heating rate. The average value of the modulated heat 

flow signal is found by the software continuously performing a fast Fourier Transformation analysis 

calculated every .1 seconds instead of a simple overall average which would limit the result.28,32 

Inside the Q200’s measuring chamber nitrogen is used as a purge gas. The reasons for a purge 

gas flow is the gas helps to eliminate moisture and oxygen which could damage a cell over time, it 

creates a consistently uniform temperature inside the measuring chamber which helps to remove any 

localized hot-spots which could cause errors in the data, the purge gas helps create more efficient heat 

transfer between constantan alloy disk and sample cell which results in increased sensitivity and 

response time, it also helps to cool the cell which can make the cooling rates faster and allows for  a 

wider modulation to be used. The nitrogen flow rate used was approximately 50 ml/min. The purge gas 

was mainly used as a way to optimize the MDSC’s experimental results by making the data more 

accurate and reproducible.33 The instrument used for experimentation was TA Instrument’s DSC model 

Q200, pictured in Figure 10, which can also operate as a MDSC. 

 

Figure 10 Q200 MDSC
34 

2.2.2 Theory 

 The MDSC signals are derived by three measurements the machine observes: time, the stimulus 

modulated temperature, and the response modulated heat flow. The signals modulated heat flow and 
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modulated heating rate are the only signals measured by the MDSC machine all others are calculated by 

the machine using the two original signals.30  

 
Figure 11 MDSC Raw Signals 

 

The quantities are related in the equation, 

𝑑𝐻

𝑑𝑡
= 𝐶𝑝

𝑑𝑇

𝑑𝑡
+ 𝑓 𝑇, 𝑡  

Where 
𝑑𝐻

𝑑𝑡
 is the total heat flow measured by the calorimeter, 𝐶𝑝  is the specific heat capacity, 

𝑑𝑇

𝑑𝑡
 is the 

heat rate stimulated by the machine, and 𝑓 𝑇, 𝑡  is the kinetic response of the sample also known as the 

nonreversing part of the heat flow. The nonreversing part is the heat flow that is a function of time at an 

absolute temperature.28 In this case the specific heat is equal to, 

Modulated Heat Flow & Modulated Heat Rate VS. Temperature: MDSC Measured Signals
(Pure 5CB One degree per minute 30s modulation)
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𝐶𝑝 =
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑒𝑑 𝑕𝑒𝑎𝑡 𝑓𝑙𝑜𝑤

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑒𝑑 𝑕𝑒𝑎𝑡𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
∗ 𝐾 

where K is the Heat capacity calibration factor. The heat capacity calibration constant is determined by 

taking the ratio of the cell materials theoretical capacity over the measured heat capacity of the 

material.28 The MDSC machine measures the total heat flow and heat capacitance while it produces the 

constant heating rate through temperature modulation. The machine measures signals from the sample 

cell and reference cell independently and subtracts their values to obtain the correct signal for the 

sample itself. The way the total heat flow is measured and calculated can be seen in the flow chart 

provided in Figure 12.      

 

Figure 12 Flow Chart of MDSC Total Heat Flow Derivation
35 

The method for calculated the reversing heat flow can be seen in the flow chart in Figure 13. 
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Figure 13 Flow Chart of MDSC Reversing Heat Flow Derivation
35 

To obtain the kinetic part of the heat flow 𝑓 𝑇, 𝑡  the machine then subtracts the total heat flow by the 

reversing heat flow.  

𝑓 𝑇, 𝑡 =
𝑑𝐻

𝑑𝑡
− 𝐶𝑝

𝑑𝑇

𝑑𝑡
 

The term in the equation, heat capacitance multiplied by the heating rate, is also considered the 

reversing heat flow and the kinetic term is considered the nonreversing heat flow. Although the heat 

flow terms are known as reversing and nonreversing MDSC tells nothing about whether a phase 

transition is reversible or nonreversible. The term was named reversing because true heat capacity, the 

heat associated with increasing or decreasing a materials temperature, is reversible. A change in heat 

capacity due to a transition will show up on the reversing signal, but the process may or may not be 

reversible.31  
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2.2.3 Experimentation 

There were numerous samples tested in the MDSC Q200 to see the effect of different 

concentrations of C60 dispersed into 5CB on the nematic to isotropic and isotropic to nematic phase 

transitions. The composite concentrations tested were pure 5CB, 5CB with a 1% C60 concentration, 5CB 

with a 2% C60 concentration, 5CB with a 5% C60 concentration, 5CB with a 10% C60 concentration, 5CB 

with a 25% C60 concentration, 5CB with a 50% C60 concentration, and finally pure C60. A large difference 

in the observed phenomena occurred between 10%-25% so extra testing of concentrations of 15% and 

20% C60 were performed. The phase transitions for pure 5CB are well documented but for experimental 

consistency the pure liquid crystal that was to be made into composites was tested. The pure C60 does 

not experience a phase transition in the range being tested (approximately 285K to 315K) but 

nevertheless it was tested in the same manner as the composites. 

The samples were tested with a heat and cool at scan rates of .5 Kelvin per minute, 1 Kelvin per 

minute, 2 Kelvin per minute, and 3 Kelvin per minute with a 30 second modulation period. The multiple 

scan rates were used to see if any scan rate dependence is present and to see if there are any anomalies 

in the data. The samples were also tested with a heat and cool under different modulation periods of 30 

seconds, 60 seconds, 75 seconds, and 100 seconds at a scan rate of .5 Kelvin per minute. The different 

frequencies were used to see if any frequency dependence exists and to make sure no anomalies are 

present. The main MDSC signals analyzed were the reversible and nonreversible components of the heat 

capacity to determine the nature of the nematic to isotropic phase transition. 

2.3 Polarizing Microscopy 
 Polarized microscope images were taken of each weight concentration of C60 to see how the two 

molecules are arranging themselves on a microscopic level and to gain more insight into their 

thermodynamical behavior.  A polarized light microscope uses polarized light to illuminate a magnified 

image of something on the micro scale. It is an optical tool well suited for probing the structure of 



27 
 

anisotropic materials due to their birefringence.  Since light is considered a transverse electromagnetic 

wave, electric and magnetic fields oscillate perpendicular to the propagation direction of the light wave, 

it can be polarized. Polarization is a property of waves that describes their orientation of oscillation and 

can be characterized by the difference in the oscillating waves’ phases. Linear polarized light has electric 

and magnetic components in phase, their maximum and minimum are reached at the same time which 

means their vector sum leads to one wave resulting in a polarization of 45 degrees. When the field 

components are 180 degrees out of phase the result is a linearly polarized light wave 45 degrees in the 

opposite direction. When the wave components are 90 degrees out of phase the light becomes 

circularly polarized, one wave is at a maximum while the other is at a minimum. The most general case is 

when the wave components are out of phase at an arbitrary angle that isn’t 90 or 180 degrees, the 

resultant is an elliptically polarized light wave.36 The type of light used in the microscope 

experimentation was ordinary white light which is made of waves that fluctuate at all possible angles. A 

figure of a similar polarized light microscope can be seen below. 

 

Figure 14 Example of Microscope Set-up
36 
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 The cartoon on the left-hand side of the figure shows the inner workings of a polarized light 

microscope. White light is produced at the source and that white light first goes through a polarizer. A 

polarizer is a material that allows light of only a certain angle to pass through. If the polarized light is 

then sent through another polarizer of the same angle the light will pass through freely but if the second 

polarizer is perpendicular to the first, known as a crossed polarizer (analyzer), no light will be allowed 

through. As the angle of the second polarizer rotates from 0 to 90 degrees less light will be transmitted 

through.37 See figure 15. 

 

Figure 15 Relationship of Polarizers and Polarized Light
37 

After the light becomes initially polarized it then transverses the birefringent liquid crystal specimen.  

The liquid crystal is birefringent because of its anisotropic nature. When light passes through 

birefringent materials it experiences double refraction due to the liquid crystal having two indices of 

refraction. An index of refraction is a ratio of the speed of light in a vacuum over the speed of light in 

some medium. The reason the birefringent liquid crystal has two indices of refraction is because the two 

wave components of the light are each polarized in mutually perpendicular planes so one component of 

the light wave will travel faster through the material than the other.  The fast component is called the 

ordinary ray and slow component is called the extraordinary ray. Once these two components pass 

through the liquid crystal they then pass through a crossed polarizer 90 degrees to the first called the 
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analyzer. With no specimen in the microscope the image appears black because the two polarizers are 

perpendicular and no light is allowed to pass through.  Since the birefringent liquid crystal caused the 

two light components to travel at different speeds the light wave becomes out of phase which changes 

its polarization state and as the wave passes through the analyzer the two components are recombined 

with constructive and destructive interference allowing structure of the specimen to be observed. The 

birefringence of the liquid crystal is described by the difference in the indices of refraction ∆𝑛.38 

∆𝑛 = 𝑛𝑒 − 𝑛𝑜  

Where  𝑛𝑒  is the index of refraction for the extraordinary light ray and 𝑛𝑜  is the index of refraction of the 

ordinary light ray. The birefringence of 5CB in the human visible spectrum is between .11 to .2 

depending on temperature and light wavelength and the index of refraction of C60 is 2.2. 

2.4 Mechanically Quenched Steric Model 
A macroscopic model of each weight concentration was created using white pipe cleaners to 

represent liquid crystal molecules and using black “pom-pom” balls to represent C60 molecules to test 

the steric behavior of how the molecules pack together according to their unique geometries. The pipe 

cleaners were approximately cylindrical with a diameter of approximately .5 cm and were cut to 2 cm 

lengths. The “pom-pom” balls were approximately spherical and had a diameter of 1 cm. The 

dimensions of the pipe cleaners liquid crystals and pom-pom buckyballs allow for a scaling factor of 1 cm 

in the model representing 1 nm. The weight percentages of the different composite concentrations 

were converted into percents of C60 molecules in each solution and volume of C60 in each solution using 

the densities and molar masses, see figure 16.  
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C60 weight % C60 volume % C60 molecule % 
# of model C60 molecules  
per 500 5CB molecules 

1% 0.587 0.349 1.75 

2% 1.187 0.706 3.53 

5% 3.060 1.821 9.11 

10% 6.460 3.844 19.22 

15% 10.260 6.106 30.53 

20% 14.535 8.650 43.25 

25% 19.380 11.533 57.67 

50% 58.140 34.600 173 

Figure 16 Table of C60 Weight Percentage Conversions 

Five hundred model liquid crystal particles were placed on a pan roughly in the same direction to 

represent the nematic phase and the appropriate amount of model C60 molecules were placed on top. 

The pan was lightly shaken to represent a mechanical disturbance such as the sonic bath or mechanical 

vibrator used in the mixing process of the samples or an increase in temperature. A thermal quench was 

represented by abruptly stopping the mechanical disturbance allowing the geometrical packing of the 

molecules for different concentrations to be observed several times. Multiple images were taken using a 

box to mount the camera above model keeping the same it in the same position. The box had a viewing 

window cut into the top where the camera was mounted. It should be noted that this model has some 

error due to the fact that not all the pipe cleaners may have been the exact length, the pom-pom balls 

were sometimes misshapen and not perfectly spherical, a liquid crystal molecule isn’t cylindrical it is 

rod-like, and the buckyballs are not perfect spheres they are truncated icosahedrons.  
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3. Results 

3.1 MDSC Results 
The different concentration’s reversible and nonreversible heat capacitance signals were all 

compared at different scan rates to see the effect of different average heating/cooling rates. From the 

reversible heat capacitance curve three quantities can be determined peak temperature (a bit of a 

misnomer the peak temperature is the temperature where the reversible heat capacitance peaks), 

enthalpy or the amount of energy transferred during the transition process, and the full width at half 

maximum of the reversible heat capacitance curve. If the integral of the reversible heat capacitance 

signal is taken with respect to temperature with a proper baseline the area yields the heat energy 

required for the phase transition or in other words the enthalpy.28 The full width at half max, measured 

as a temperature range, gives vital information about the phase transition, the larger the full width at 

half max, the broader the peak, the larger the coexistence of both nematic and isotropic phase domains 

within the sample during the phase transition. For example when boiling water the water doesn’t turn 

instantly to steam but when boiling there is both water and gas bubbling within it which is the existence 

of both the liquid and gaseous phase, this is similar to what is happening with the liquid crystal phase 

transition between nematic and isotropic. An example of bulk 5CB at a .5 K/min temperature ramp rate 

and a 30 second temperature modulation with all three quantities (peak temperature, enthalpy, Full 

Width At Half Max) can be seen in figure 17.  
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Figure 17 Pure 5CB .5 K/min 30s (Peak Temperature, Enthalpy, Full Width at Half Max) 

3.1.1 Scan Rate .5 K/min Temperature Modulation 30s 

The .5 degree per minute temperature ramp was the slowest ramp rate used in 

experimentation.  All scan rate dependence .5, 1, 2, 3 K/min were run with a 30s temperature 

modulation. Figure 18 shows the reversible heat capacitance for all concentrations at .5 Kelvin per 

minute. The figure shows many reoccurring trends that hold for all other scan rates and temperature 

modulation periods. For one the bulk curve is always farthest to the right yielding the highest peak 

temperature, the 25% curve usually ends up far to the left of all other curves yielding the lowest peak 

temperature, 2%,5%, and 10% were most the time very similar and slightly shifted to the left of the bulk. 

The 1% concentration could be random at times but as in figure 18 many times was close to 2,5, and 10 

% but the 1% curves were always far enough away to be considered anomalistic.  The 50% curve 

exhibited wildly fluctuating behavior. In many instances the peaks would be much greater than all 

others and many times 50% concentration would appear to act like bulk 5CB. The concentrations of 15% 

and 20% were done after all the others had been done in hopes of finding reversible curves that would 

show a trend to lower the transition temperature on a path towards the 25% peak temperature, 

however like the 50% concentration these two fluctuated wildly and seemingly randomly. 
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Figure 18 Reversible Cp .5 K/min (heat) 

The reversible heat capacitance during the cool, seen in figure 19, is very similar to the heat except the 

50% curve has a much larger peak which is typical trend seen most other scan rate and frequency scans. 

 

Figure 19 Reversible Cp .5 K/min (cool) 

The nonreversible signal shows the change in heat capacitance due to kinetic processes within the 

sample and the expectation was to see the bulk curve mimicked except shifted to the left and 

broadened out as concentration increases until a critical concentration is reached and the 5CB becomes 

over saturated with C60 molecules. The nonreversible signal does show shifts to the left of the curves like 

the reversible sign. The concentrations many times mimic the shape of the bulk curve and the 25% curve 
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is always way to the left and fairly broad. Like the reversible curves 2,5, and 10 percent are all every 

similar and fluctuation around each other’s values  and 1% , 15%, 20% and 50% all show some random 

behavior such as large peaks, curves that go the wrong way (like the 20% curve in figure 20), large shifts 

in behavior between heats and cools, scan rates, and/or temperature modulation. 

 

Figure 20 Nonreversible Cp .5 K/min (heat) 

The nonrversible heat capacitance cool at .5 K/min, seen in figure 21, shows odd behavior from the 

concentrations 1%, 15%, 20%, and 50%. 

 

Figure 21 Nonreversible Cp .5 K/min (cool) 
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The reversible curves and nonreversible heat capacitance curves for the other faster scan rates 1, 2, and 

3 degrees per minute as well as all different temperature modulations 45s, 60s, 75s, and 100s followed 

the trends described above for the .5  K/min average temperature ramp. Their reversible and 

nonreversible heat capacitance heat and cool graphs can be found in Appendix A and B. 

3.1.2 Scan Rate Peaks 

While examining the temperature that the reversible heat capacitance peaks during heats and 

cools, in figure 22 and 23, there are a few significant trends. One is that the highest temperature is 

always for the bulk liquid crystal. Percentages between bulk and 25% are all fairly similar and seem to 

fluctuate. At 25% there is a significant drop in the temperature peak, this is representative of the far 

shirt to the left of its reversible heat capacitance curves. The 50% concentration peak temperatures rise 

back almost to the bulk value. These peak temperatures don’t appear to show any scan rate 

dependence and the heat and cools are very similar. A table showing the actual number values 

represented in the peak temperature figures 22 and 23 can be found in Appendix C. 

 

Figure 22 C60 Peak Temperatures as a function of temperature ramp rate (heat) 
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Figure 23 Peak Temperatures as a function of temperature ramp rate (cool) 

3.1.3 Scan Rate Enthalpy 

The enthalpy of nematic to isotropic phase transition seemed to be totally random, see figure 

24. There was no scan rate dependence and the different concentrations fluctuated wildly. The 1% 

concentration usually always had the lowest enthalpy. Many times because of the large peaks in 50% 

reversible curve its enthalpy appears much higher as can be seen in figure 25. A table showing the actual 

number values represented in the enthalpy in figures 24 and 25 can be found in Appendix D. 
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Figure 24 Enthalpy of phase transitions as a function of temperature ramp rate (heat) 

 

Figure 25 Enthalpy of phase transitions as a function of temperature ramp rate (cool) 

3.1.4 Scan Rate Full Width At Half Max 

The full width at half max of the reversible heat capacitance peak seen in figure 26, representing 

the coexistence of nematic and isotropic phases during the phase transition, seems to get larger for 

most concentrations as the temperature ramp rate becomes faster showing some dependence on scan 

rate. The 1% concentration did have a consistently small full width at half max. These were the only 
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significant trends, other than them the full width at half max seemed to vary a lot. The heat and cools 

also showed a decent amount of difference between one another. A table showing the actual number 

values represented in the full width at half max figures 26 and 27 can be found in Appendix E. 

 

Figure 26 Full Width At Half Max of C60 concentration’s reversible heat capacitance signal peak as a function of temperature 
ramp rate (heat) 

 

Figure 27 Full Width At Half Max of C60 concentration’s reversible heat capacitance signal peak as a function of temperature 
ramp rate (cool) 
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3.1.5 Frequency Peaks 

The temperature of the reversible heat capacitance heat and cool peaks at different 

temperature modulations, which can be seen in figure 28 and 29, seem to be very similar to that of the 

comparison of the different scan rates. The bulk 5CB gives the highest peak temperature as expected, 

there is a minima at 25%, and 50% seems to trend back towards the bulk values. The concentrations of 

15% and 20% have no frequency dependent data because they were done after the initial testing with 

only a scan rate dependence due to time constrictions. The peaks don’t show a significant frequency 

dependence.  A table showing the actual number values represented in the peak temperature figures 28 

and 29 can be found in Appendix C. 

 

Figure 28 Peak Temperatures as a function of frequency due to temperature modulation (heat) 
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Figure 29 Peak Temperatures as a function of frequency due to temperature modulation (cool) 

3.1.6 Frequency Enthalpy 

The enthalpy values due to the nematic-isotropic phase transition with respect to different 

frequencies were different than the different scan rate measurements. The enthalpy showed some 

frequency dependence (the higher temperature modulation usually the higher enthalpy value), see 

figures 30 and 31. Also most concentrations enthalpy values were fairly close for all temperature 

modulations showing much less variation compared to the scan rate enthalpy comparison graph but 

there was still variability between modulation rates and concentrations. Again like in the scan rate 

enthalpy comparison the 50% concentration usually had much greater enthalpy values because its heat 

capacitance peaks were usually larger than the other concentrations which led to a greater area under 

the curve and hence a greater enthalpy. Also the 1% concentration was usually lower than all other 

concentrations. The heat and cools were in good agreement with one another.  A table showing the 

actual number values represented in the enthalpy figures 30 and 31 can be found in Appendix D. 



41 
 

 

Figure 30 Enthalpy of phase transitions as a function of frequency due to temperature modulation (heat) 

 

Figure 31 Enthalpy of phase transitions as a function of frequency due to temperature modulation (cool) 

3.1.7 Frequency Full Width At Half Max 

For different frequencies the full width at half max usually was a higher value for higher 

temperature modulation periods showing show frequency dependence. Like the scan rate’s full width at 

half max the 1% concentration is consistently lower than all other concentrations. The other 

concentrations vary and there isn’t much difference between the heat and cool see figures 32 and 33. A 

table showing the actual number values represented in the full width at half max figures 32 and 33 can 

be found in Appendix E. 
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Figure 32 Full Width At Half Max of C60 concentration’s reversible heat capacitance signal peak as a function of frequency due 
to temperature modulation (heat) 

 

Figure 33 Full Width At Half Max of C60 concentration’s reversible heat capacitance signal peak as a function of frequency due 
to temperature modulation (cool) 

3.2 Microscopy results 
After placing samples of 5CB with different dispersion concentrations of C60 into the polarized 

light microscope the overall structure of the molecules and pattern of C60 dispersion could be observed. 

The microscope’s ocular magnification was 1.25X and the lens magnification was 10X resulting in an 

overall magnification of 12.5X. All microscope pictures were taken at room temperature while the liquid 

crystal was deep in the nematic phase. Figure 34 shows a picture of pure 5CB. 
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Figure 34 Pure 5CB 

This picture is representative of what a typical nematic liquid crystal would look like. There are slight 

variations in the thicknesses of the birefringent material which cause the light wave to change phase 

resulting in the display of many different colors. The “thread” like defects in this image are also 

characteristic of 5CB in the nematic phase. A picture of the 5CB 1% C60 composite can be seen in figure 

35. 
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Figure 35 5CB 1% C60 Concentration 

This image looks very similar to the pure 5CB. The C60 molecules seem to stick together in lumps possibly 

due to Van Der Waals forces. This phenomenon can be seen as the black spots due to the C60 molecules 

blocking the light from coming through. As the concentration of C60 increases the black spots in the 

image will increase. The image of the 5CB 2% C60 composite can be seen in figure 36. The black spots 

approximately double as expected. 
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Figure 36 5CB 2% C60 Concentration 

In the picture of the 5CB 5% C60 composite the visibility of the C60 molecules becomes easily noticeable 

see figure 37. 

 

Figure 37 5CB 5% C60 Concentration 
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The 5CB 10% C60 concentration has double the dark spots that the 5% C60 concentration has. At 10% 

concentration the C60 begins to dominate the image and the spots become much larger. The C60 doesn’t 

appear to be individually dispersed but is dispersed in small domains. The picture can be seen in figure 

38. 

 

Figure 38 5CB 10% C60 Concentration 

At 15% C60 concentration the small local domains appear to change from C60, like in the previous 

concentrations, to small domains of liquid crystals. There are so many C60 molecules packing together 

the liquid crystals are forced into small pools. See figure 39. 
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Figure 39 5CB 15% C60 Concentration 

At 20% C60 weight concentration the microscope images show some interesting features. At 20% 

concentration, unlike all other concentration images, shows signs of multiple dispersion patterns of C60 

5CB molecules. In figure 40 the C60 formed moderately sized local domains and these domains seem 

pretty even dispersed in its relative local viewing area.  
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Figure 40 5CB 20% C60 Concentration (dispersed local domains) 

However in figure 41 the image shows highly concentrated C60 dispersion (like will be seen in 25% 

concentration) with large C60 domains (see top left of figure 41) and large 5CB domains (see the colorful 

band at the bottom of figure 41).  Figure 42 shows another large area where there are highly 

concentrated C60 dispersions with large C60 domains very similar to the images of 25% concentration. 
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Figure 41 5CB 20% C60 Concentration (large local C60 and 5CB domains) 

 

 

Figure 42 5CB 20% C60 Concentration (fairly evenly dispersed, high C60 concentration) 

At 25% C60 concentration there are so many C60 molecules blocking the light that the image beings to 

look like a hubble picture the universe. Instead of patches of dark spots there are patches of colorful 
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liquid crystals between the cracks of the C60 molecules. This is considered high C60 concentration and the 

image shows apparent homogeneity. The image can be seen in figure 43. 

 

Figure 43 5CB 25% C60 Concentration 

The final image was 50% concentration of C60. The C60 completely dominates the image and is close to 

opaque. The 50% C60 composite has a very thick texture. There are a few random spots where light 

passes and small amounts of the 5CB can be seen, the image can be seen in figure 44.  
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Figure 44 5CB 50% C60 Concentration 

These pictures show how the C60 molecules disperse through the liquid crystal medium. The structure of 

this dispersion may be used as a way to resolve any unexpected phenomena that may come up during 

experimentation. 

3.3 Steric Modeling 
The steric model was designed to test whether the small domains present in the microscopic 

pictures could be reproduced in a macroscopic scale model of the molecules. An image of the pure 5CB 

model molecules can be seen in figure 65. In this model a centimeter is equivalent to a nanometer. The 

image shows how the molecules of 5CB align in the nematic phase with the director being along the 

east/west direction.  
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Figure 45 Model of Pure 5CB 

The next model tested after the initial pure model was of the 1% C60 weight concentration which can be 

seen in figure 46. This concentration model showed the two C60 molecules ended up pretty close to each 

other after multiple mechanical disturbances. This seems consistent with the microscope pictures 

showing that possible that small numbers of C60 molecules create very small domains randomly 

distributed throughout the liquid crystal medium.  
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Figure 46 Model of 5CB with 1% C60 Weight Concentration 

The 2% model consistently showed that the molecules would bunch together in pairs or more or just be 

very close in range to each other showing small local domains. This type of modeling for small 

concentrations like 1% and 2% is less telling because of the fact there is only a small number of C60 

compared to a large number of 5CB molecules, and for only using 500 model 5CB molecules only a small 

window of the structure can be seen and with only 2 or four C60 molecules for the model it’s hard to see 

an over domain effect or to see grouping of C60 at all. Even though the model C60 molecules fairly 

consistently ended up around each other the model would have been more effective with a larger 

number of model molecules, for larger concentrations 500 model liquid crystal molecules is sufficient. 
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Figure 47 Model of 5CB with 2% C60 Weight Concentration 

The 5% modeling appears to be in agreement with the microscopic pictures. Multiple small domains are 

beginning to form and the domains are becoming bigger in size, see figure 48. 

 

Figure 48 Model of 5CB with 5% C60 Weight Concentration 
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The models representing 10% and 15%, in figures 49 and 50, show the general trend seen in microscopic 

pictures. The domains continue to grow larger and more frequent. Most of the model C60 molecules 

gather around each other and it is random to find one by itself in its own local area. 

 

Figure 49 Model of 5CB with 10% C60 Weight Concentration 

 

Figure 50 Model of 5CB with 15% C60 Weight Concentration 
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The 20% model seen in figure 51 begins to show the dominance of the C60 domains. The domains are 

increasingly larger and extent well into the layers of model molecules. 

 

Figure 51 Model of 5CB with 20% C60 Weight Concentration 

The 25% model shows large domains of C60 grouping together, see figure 52. At first glance the image 

doesn’t appear to show the highly concentration dispersion that the microscope images show however, 

what is not shown in the model images is when goings through the layers of the C60 these large 

concentrated dispersions are present. If light was coming from the bottom like in a microscope the C60 

molecules at the lower layers would have blocked the light from coming through giving the highly 

concentrated appearance but the images only shows the top layer. 
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Figure 52 Model of 5CB with 25% C60 Weight Concentration 

The 50% model seems to be in good agreement with the microscopic images. The model is completely 

domainated by the C60 molecules and they appear to form one huge domain with random 5CB domains 

dispersed throughout. The 50% model image can be seen in figure 53. 
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Figure 53 Model of 5CB with 50% C60 Weight Concentration 
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4. Conclusion 

In conclusion, the MDSC heat capacitance signals showed that as the concentration of C60 

becomes greater the 5CB nematic to isotropic phase transition occurs at lower temperatures compared 

to the pure 5CB overall. This seems to be an overall reoccurring trend in all scan rate experimentation 

and frequency experimentation.  Although with percentages between 1% and 10% the values are all 

very close and they do experience a phase transition a temperature less than the bulk 5CB, the overall 

trend cannot be observed. The closeness of these values could be due to small amounts of error in the 

sampling or cell making process. Concentrations of 15% and 20% were tested with a scan rate 

dependence to see if a trend could be observed of a declining peak temperature reaching a minimum at 

25%. However these two concentrations yielded varying results similar to what the 50% concentration 

shows. In all scans the 25% concentration always had the lowest transition temperature and didn’t 

fluctuate much which is most likely due to the composites overall homogeneity and dispersion of C60 

with in the 5CB medium. The 50% C60 sample is so over saturated with the C60 that only small domains 

filled with 5CB contribute to the phase transition readings which yield result close to those of the pure 

5CB or very random results. This local domain phenomena may also to causing be occurring at smaller 

C60 concentrations but with C60 trapped in local domains. The enthalpy and full width at half max show 

that some of the values fluctuate which may be due to small domains filled with C60 molecules and these 

“lumps” of C60 are dispersed throughout the liquid crystal medium and experience Brownian motion due 

to the 5CB molecules impacting the lumps from all directions. The evidence of these C60 lumps and their 

growth as concentrations become larger is found in the microscopic images. Further evidence 

supporting the notion of isolated molecular domains comes from steric packing model. This macroscopic 

model shows how these rod like shapes relative to different amounts of roughly spherical C60. These 

steric experiments show that indeed, after repeated mechanical disturbance and quenching, as the 
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concentrations of C60 becomes larger so does the size, number, and complexity of the domains created 

by the C60 molecules packing together. These findings show that odd MDSC results may be due to the 

geometries of 5CB and C60 and how different concentrations minimize space and energy by fitting into 

domain structures. 

There are many ways to study these 5CB fullerene composites more closely in the future. One 

could see whether some of the randomness of the values could be due to a cyclical process. There more 

times the sample is heated or cooled could affected the results of the experimentation. An 

improvement not taken advantage of in this project could have been performing all experimentation 

continuously because the experiments performed in this project were discontinuous, samples tested 

during winter months would exhibit a melting transition during the samples first heat of these day 

because of the ambient temperature. This solid to nematic transition may or may not have had some 

effect on some of the results. To gain further insight into this project one may want to look at all 

concentrations that were not tested in this project. One may use a different thermal technique on this 

composite such as AC calorimetry or even traditional DSC. One may also want to look more into the 

steric nature of the phenomena surrounding this composite. One could create a computer program 

representing the steric modeling and run a simulation. One could do a statistical analysis of the steric 

model or microscopic images using software which can convert images into a brightness factor and this 

factor could act as an “order parameter” and give a quantitative analysis of the composites ordering.  

One may also want to repeat the steric experiments in a way that the same amount of mechanical 

agitation is used for each concentration and ensure that the mechanical agitation is consistent and not 

too strong or too weak. Also one could perform any these experiments with a larger or smaller fullerene 

such as C20 or C70 or one may use an entirely different fullerene shape or another nanoparticle all 

together or one may even use a different liquid crystal such as 8CB and look at how the different 

geometries of the molecules affect their properties. One could also probe deeper in the molecular 
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packing by using stronger imaging device like a scanning electron microscope or some other scattering 

technique. One could look at other properties of the composite such as its optical properties like the 

composites overall index of refraction or other properties such as its dielectric constant. 
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Appendix 

A. Scan Rate 

1 K/min 

 

Figure 54 Reversible Cp 1 K/min (heat) 

 

Figure 55 Reversible Cp 1 K/min (cool) 
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Figure 56 Nonreversible Cp 1 K/min (heat) 

 

Figure 57 Nonreversible Cp 1 K/min (cool) 
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2 K/min 

 

Figure 58 Reversible Cp 2 K/min (heat) 

 

Figure 59 Reversible Cp 2 K/min (cool) 
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Figure 60 Nonreversible Cp 2 K/min (heat) 

 

Figure 61 Nonreversible Cp 2 K/min (cool) 
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3 K/min 

 

Figure 62 Reversible Cp 3 K/min (heat) 

 

Figure 63 Reversible Cp 3 K/min (cool) 
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Figure 64 Nonreversible Cp 3 K/min (heat) 

 

Figure 65 Nonreversible Cp 3 K/min (cool) 
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B. Temperature Modulation 

45s Temperature Modulation 

 

Figure 66 Reversible Cp 45s Modulation (heat) 

 

Figure 67 Reversible Cp 45s Modulation (cool) 
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Figure 68 Nonreversible Cp 45s Modulation (heat) 

 

Figure 69 Nonreversible Cp 45s Modulation (cool) 
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60s Temperature Modulation 

 

Figure 70 Reversible Cp 60s Modulation (heat) 

 

Figure 71 Reversible Cp 60s Modulation (cool) 
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Figure 72 Nonreversible Cp 60s Modulation (heat) 

 

Figure 73 Nonreversible Cp 60s Modulation (cool) 
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75s Temperature Modulation 

 

Figure 74 Reversible Cp 75s Modulation (heat) 

 

Figure 75 Reversible Cp 75s Modulation (cool) 
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Figure 76 Nonreversible Cp 75s Modulation (heat) 

 

Figure 77 Nonreversible Cp 75s Modulation (cool) 
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100s Temperature Modulation 

 

Figure 78 Reversible Cp 100s Modulation (heat) 

 

Figure 79 Reversible Cp 100s Modulation (cool) 
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Figure 80 Nonreversible Cp 100s Modulation (heat) 

 

Figure 81 Nonreversible Cp 100s Modulation (cool) 

C. Peak Temperature (K) 

Scan Rate .5  K/min 1  K/min 2 K/min 3 K/min Averages 

 
Heat Cool Heat Cool Heat Cool Heat Cool Heat Cool 

Bulk 5CB 308.17 308.21 308.43 308.02 308.8 308.23 308.49 307.79 308.47 308.06 

1% wt. C60 307.52 307.01 307.45 307.3 307.79 307.24 307.85 307.55 307.65 307.28 

2% wt. C60 307.51 307.44 307.59 307.47 308.17 307.27 307.48 307.29 307.69 307.37 

5% wt. C60 307.4 307.18 307.5 307.27 307.51 307.33 307.31 307.2 307.43 307.25 

10% wt. C60 307.51 307.44 307.69 307.25 307.4 307.03 307.66 307.39 307.57 307.28 

15% wt. C60 307.42 307.19 307.49 307.25 307.46 307.26 307.44 306.96 307.45 307.17 

20% wt. C60 307.8 307.45 307.77 307.01 307.88 307.56 308.14 306.53 307.90 307.14 

25% wt. C60 304.89 304.9 305.17 304.9 305.35 304.9 304.86 304.75 305.07 304.86 

50% wt. C60 308.21 307.74 308.01 307.68 308.02 307.6 307.99 307.7 308.06 307.68 
Figure 82 Scan Rate Peak Temperature Comparison (heat&cool) 
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Modulation Period 30s 45s 60s 75s 100s Averages 

 
Heat Cool Heat Cool Heat Cool Heat Cool Heat Cool Heat Cool 

Bulk 5CB 308.17 308.21 308.17 308.25 308.1 308.21 308.13 308.3 308.39 308.08 308.19 308.21 

1% wt. C60 307.52 307.01 307.48 307.22 307.52 307.35 307.44 307.09 307.44 307.14 307.48 307.16 

2% wt. C60 307.51 307.44 307.54 307.44 307.51 N/A 307.29 307.52 307.69 307.61 307.51 307.50 

5% wt. C60 307.4 307.18 307.25 307.22 307.29 307.05 307.36 307.05 307.47 306.96 307.35 307.09 

10% wt. C60 307.51 307.44 307.47 307.31 307.47 307.52 307.47 307.44 307.54 307.57 307.49 307.46 

25% wt. C60 304.89 304.9 304.97 305.08 305.08 305.11 305.12 305.16 304.9 304.78 304.99 305.01 

50% wt. C60 308.21 307.74 308.04 307.89 307.65 307.78 308.04 307.82 308.08 307.74 308.00 307.79 
Figure 83 Frequency Peak Temperature Comparison (heat&cool) 

D. Enthalpy (J/g) 

Scan Rate .5  K/min 1  K/min 2 K/min 3 K/min Averages 

 
Heat Cool Heat Cool Heat Cool Heat Cool Heat Cool 

Bulk 5CB 4.32 4.318 4.353 4.379 6.587 6.912 2.014 1.337 4.3185 4.2365 

1% wt. C60 3.175 2.069 2.985 3.008 5.188 3.874 4.467 0.7054 3.95375 2.4141 

2% wt. C60 3.935 3.922 4.048 4.005 3.984 4.113 3.779 5.208 3.9365 4.312 

5% wt. C60 3.874 3.802 3.863 3.862 4 3.982 3.287 3.365 3.756 3.75275 

10% wt. C60 2.786 2.906 2.969 3 2.728 2.918 2.892 2.555 2.84375 2.84475 

15% wt. C60 3.712 3.012 5.717 3.815 5.539 1.48 3.839 7.087 4.70175 3.8485 

20% wt. C60 4.605 3.251 2.642 1.578 5.552 2.611 7.03 1.572 4.95725 2.253 

25% wt. C60 3.872 3.859 3.98 3.324 3.799 2.711 2.644 5.971 3.57375 3.96625 

50% wt. C60 4.468 6.235 4.227 8.737 5.374 11.46 9.439 9.673 5.877 9.02625 
Figure 84 Scan Rate Enthalpy Comparison (heat&cool) 

Modulation Period 30s 45s 60s 75s 100s Averages 

 
Heat Cool Heat Cool Heat Cool Heat Cool Heat Cool Heat Cool 

Bulk 5CB 4.32 4.318 4.708 4.692 4.972 4.99 4.651 4.722 4.781 5.126 4.6864 4.7696 

1% wt. C60 3.175 2.069 4.325 4.289 4.801 3.259 4.14 2.333 3.13 4.884 3.9142 3.3668 

2% wt. C60 3.935 3.922 4.348 4.367 4.459 N/A 4.514 4.535 4.348 4.382 4.3208 4.3015 

5% wt. C60 3.874 3.802 4.203 4.169 4.294 4.3 4.483 4.45 4.191 4.756 4.209 4.2954 

10% wt. C60 2.786 2.906 3.437 3.467 3.648 3.676 3.767 3.813 4.037 3.793 3.535 3.531 

25% wt. C60 3.872 3.859 4.236 4.042 4.041 5.126 4.704 5.109 4.01 3.757 4.1726 4.3786 

50% wt. C60 4.468 6.235 8.592 4.403 2.141 10.37 10.38 3.946 11.85 10.54 7.4862 7.0988 
Figure 85 Frequency Enthalpy Comparison (heat&cool) 
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E. Full Width at half max (K) 

Scan Rate .5  K/min 1  K/min 2 K/min 3 K/min Averages 

 
Heat Cool Heat Cool Heat Cool Heat Cool Heat Cool 

Bulk 5CB 1.45 1.41 1.52 1.4 1.19 1.19 1.84 1.7 1.5 1.425 

1% wt. C60 0.53 0.45 0.87 0.69 1.29 1.24 1.93 1.67 1.155 1.0125 

2% wt. C60 1.38 1.42 1.49 1.38 1.47 1.57 2.31 2.22 1.6675 1.6 

5% wt. C60 1.38 1.42 1.49 1.38 1.47 1.57 2.31 2.22 1.6625 1.6475 

10% wt. C60 1.25 1.3 1.35 1.29 1.81 1.57 2.16 2.23 1.6425 1.5975 

15% wt. C60 0.32 0.31 0.62 0.61 1.26 1.15 1.94 1.81 1.035 0.97 

20% wt. C60 0.28 0.3 0.58 1.34 1.25 1.22 1.85 3.63 0.99 1.6225 

25% wt. C60 1.55 1.58 0.98 0.76 1.39 1.52 1.9 1.9 1.455 1.44 

50% wt. C60 0.34 0.37 0.63 0.6 1.27 1.19 1.85 1.8 1.0225 0.99 
Figure 86 Scan Rate Full Width At Half Max Comparison (heat&cool) 

Modulation Period 30s 45s 60s 75s 100s Averages 

 
Heat Cool Heat Cool Heat Cool Heat Cool Heat Cool Heat Cool 

Bulk 5CB 1.45 1.41 1.5 1.47 1.63 1.62 1.53 1.58 1.78 1.83 1.578 1.582 

1% wt. C60 0.53 0.45 0.51 0.48 0.68 0.7 0.84 0.84 1.18 1.08 0.748 0.71 

2% wt. C60 1.36 1.4 1.49 1.53 1.59 N/A 1.58 1.63 1.4 1.44 1.484 1.5 

5% wt. C60 1.38 1.42 1.52 1.5 1.53 1.49 1.59 1.57 1.35 1.83 1.474 1.562 

10% wt. C60 1.25 1.3 1.4 1.43 1.51 1.52 1.58 1.59 1.91 1.62 1.53 1.492 

25% wt. C60 1.55 1.58 1.65 0.83 0.77 0.87 1.02 0.97 1.15 1.18 1.228 1.086 

50% wt. C60 0.34 0.37 0.47 0.44 0.99 0.61 0.77 0.71 1.03 1.02 0.72 0.63 
Figure 87 Frequency Full Width At Half Max Comparison (heat&cool) 


