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Abstract 

In the first chapter of this thesis, the production and characterization of inorganic-organic 

hybrid materials is discussed. Inorganic-organic hybrids allow for the modification of 

physical properties and the addition of new features in polymer-based systems, and thus 

have received great interest. This thesis demonstrates that titanium oxide hydrates are 

highly versatile inorganic ‘fillers’ in polymer-based hybrids. Using the hydrate allows for 

the creation of versatile, low-temperature, sol-gel processed hybrids. This thesis shows that 

these hydrates increase the refractive index of hybrid materials with no or minimal optical 

loss due to the formation of a covalently crosslinked network. The high transparency in the 

visible and near-infrared range also proves useful for producing low-loss distributed Bragg 

Reflectors (DBRs) to aid and improve light and heat management. In particular, a visible 

range reflecting DBR can improve efficiencies of semi-transparent solar cells while 

maintaining transparency to chlorophyll absorption bands. This allows for charge 

generation in greenhouse applications. Additionally, shifting the stopband of the DBRs to 

the near-infrared range can reduce energy consumption in buildings by reflecting the heat 

from solar irradiation while maintaining visible transparency. Ultimately, we show a 

general understanding for this hybrid’s unique structure which can be expanded to new 

hybrids based on other metal oxide hydrates. 

In the second chapter of this thesis, structure-property interrelations of semiconducting 

polymers are established using fast scanning calorimetry. The field of polymer-based 

electronics has witnessed major developments in the past few years that have led to systems 

of vastly improved charge transport- and energy-harvesting properties. This progress can 

be predominantly attributed to synthetic efforts in the form of the creation of new materials, 
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which often comprise backbones of a significantly more rigid nature than the first-

generation polymer semiconductors and most bulk commodity plastics. Moreover, many 

semiconducting polymers frequently lack significant long-range order, but it is 

hypothesized that they may exhibit liquid-crystalline-like behavior because of their hairy-

rod nature. To understand the polymer phase behavior, how it relates to chemical design 

and how it dictates important optoelectronic features, we use fast scanning calorimetry to 

identify the glass transition and possible liquid-crystalline-like transitions, as well as side-

chain softening regimes, using physical aging signatures and isothermal annealing 

measurements. We show that the intrinsic UV-stability of semiconducting polymers can 

be tracked through increases of glass transitions through crosslinking. Additionally, the 

side-chain ordering and liquid-crystalline ordering of hairy-rod polymers are sensitive to 

backbone planarity and molecular weight, which affect optoelectronic and mechanical 

properties. The glass transition temperature for propylenedioxythiophene-based polymers 

is also shown to be affected by side-chain lengths, but independent of polarity and sterics. 

This approach allows us to gain insights on the role of polymer assembly and solid-state 

structure on energetic disorder and photophysical characteristics towards the delivery of 

important structure-property interrelations for design of fourth generation semiconducting 

plastics for organic solar cells, plastic electronics, wearable sensors, and beyond. 
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1 Hybrid Materials in Optics and Photonics 

1.1 Introduction 

Plastics have revolutionized consumer products which has led to an exponential growth 

since the 1950s.1 The optics and photonics industries are no exception, with polymers being 

used in waveguides, fiber optics, and many other applications due to their low optical 

loss.2,3 One of the main characteristics of materials in optics is the refractive index, n. The 

refractive index of materials is controlled by their bond polarizabilities and packing, and 

polymers have relatively weak attributes of both leading to refractive indices between 1.3-

1.7.4 The Lorentz-Lorenz Equation was developed to predict the refractive index of 

polymers as a function of chemical composition, which functional groups of higher molar 

refractions leading to larger refractive indices.5–7 Thus, there many synthetic efforts to 

increase the refractive index through to incorporation of high molar refraction substituents 

like sulfur, phosphorus, and halogens.8–10 However, issues in unwanted absorption may 

occur in these polymers. As a way to circumvent complex polymerizations, inorganic 

nanoparticles have been added to commodity plastics as a way to increase the refractive 

index.  

Inorganic nanoparticles have been utilized for centuries, due to their unique optical 

properties.11 A nanoparticle is, in its most generic definition, a particle with a diameter in 

the nanometer scale (under 100 nm). However, a more stringent definition is a particle 

whose properties depend directly on its size. The applications of inorganic-organic polymer 

nanocomposites are extremely vast (optics, microelectronics, photovoltaics) since there are 

a countless number of combinations of particles and polymers. In addition to the numerous 
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properties that these nanocomposites can possess, there are also several fabrication 

techniques that can be utilized.12 Fabrication of inorganic materials like silicon, gold, and 

metal oxides for electronics can suffer from high processing costs. Organic materials can, 

in contrast, be deposited at low temperatures and over large areas via solution processing.13 

Solution processing (sol-gel processing) is attractive because of potential easy scale-up 

capabilities to large area printing via roll-to-roll processing. Being able to deposit 

inorganic-organic hybrid materials at low temperatures will reduce the overhead costs.  

Incorporation of an inorganic component into a polymer matrix allows for the tailoring of 

the refractive index for the bulk material.12,14,15 However these inorganic components 

commonly create optical loss via Rayleigh scattering if they are larger than roughly one-

tenth of the wavelength of interest. The intensity of light lost due to scattering can be 

estimated by Eq. 1.1: 

 

I

I0
= exp

[
 
 
 
 
−32∅pxπ

4r3nm
4

λ4
(

(
np

nm
)
2

− 1

(
np

nm
)
2

+ 2

)

2

]
 
 
 
 

 (1.1) 

Where np and nm and the refractive index of the inorganic component and polymer matrix, 

respectively, ∅𝑝 is the volume fraction of the particle, x is the optical path length, and λ is 

the wavelength of light.11
 Thus, the larger loading of inorganic nanoparticles leads to more 

scattering losses. 

In thin films, <500 nm, the losses due to Rayleigh scattering are limited, however, in the 

case for more complex optic and photonic structures where multilayers are involved, the 

amount of scattering increases exponentially. Applications thus benefit most from particle 

diameters under ~5 nm. In an effort to reduce scattering losses, this chapter focuses on the 
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creation of a molecular hybrid between the inorganic and organic components that no 

longer creates a refractive index boundary and therefore will not experience diffuse 

scattering losses. The material of interest is the a titanium oxide hydrate:poly(vinyl alcohol) 

molecular hybrid produced using a pseudo-one-pot solution processing method.  

1.2 Materials and Methods 

1.2.1 Materials and Instruments 

Poly(methyl methacrylate) (PMMA) was purchased from Sigma-Aldrich with a weight 

average molecular weight, Mw = 120,000 g/mol. Toluene (≥99.5%) was purchased from 

Sigma-Aldrich. Solutions of PMMA were prepared to a concentration of 4-8 wt% PMMA 

in toluene by dissolution at 80 °C under vigorous stirring for at least 2 hours until fully 

dissolved. The resulting PMMA solution is then stable at room temperature for several 

months. 

Glass substrates are 3”x1” microscope slides purchased from VWR. Slides cleaned in a 

sonication bath with acetone and isopropanol for 15 minutes each and then quickly dried 

with nitrogen. Undoped silicon wafers with a crystal orientation of <100> purchased from 

University Wafer are cleaned similarly to glass substrates, but after sonication, are placed 

in a UV-ozone chamber from Novascan for 10 minutes. 

Spin coating is performed using a Laurell Technologies spin coater. The spin rate and spin 

time are varied based on the desired thin film thickness and solvent vapor pressure, 

respectively. The fast solvent evaporation leads to a more kinetically trapped polymer film, 

which is desirable for amorphous materials. 
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Dip coating is performed using Biolin Scientific KSV NIMA dip coaters. The draw rate 

from solution is varied based on desired thin film thickness. The relatively slow draw 

speeds are suitable for reproducible film thicknesses. 

Differential Scanning Calorimetry was performed using a Mettler Toledo DSC3+ 

instrument. Measurements were performed under nitrogen in sealed aluminum crucibles 

with punctured lids to allow evaporated gases to escape. Heating rate, temperatures, and 

number of cycles are dependent on the material of interest. All heat flow curves from DSC 

are reported with endotherms pointed up, unless otherwise noted. 

Thermogravimetric analysis (TGA) was peformed using a Mettler Toledo TGA/DSC 3+ 

instrument. Measurements were performed under nitrogen in an open alumina crucible. 

Heating rate and maximum temperatures are dependent on the material of interest. All heat 

flow curves from TGA/DSC 3+ are reported with endotherms pointed up, unless otherwise 

noted. 

Transmission and absorption spectra were measure with an Agilent Cary 5000 UV-Vis-

NIR spectrophotometer. The measurements were performed using a double beam 

photometric system with both the liquid and thin film sample holders. Reference curves 

and wavelengths measured were dependent on measurement type and sample of interest. 

X-ray Photoelectron Spectroscopy (XPS) was performed with a Thermo Scientific K-

Alpha X-ray Photoelectron Spectrometer System. Samples are subjected to a 

monochromatic beam of x-rays, with a flood gun for charge compensation. The technique 

measured the thin film surface level with detection depth around 5 nm. 
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Fourier Transform Infrared Spectroscopy (FTIR) was performed with a Shimadzu Prestige 

21 Fourier Transform Infrared Spectrometer with attenuated total reflection for 

measurement of films and liquids. 

1.2.2 Titanium Oxide Hydrate:PVA Hybrid 

The Titanium oxide hydrate:poly(vinyl alcohol) (PVA) hybrid is made using a pseudo-one-

pot solution processing method. PVA is dissolved in water and the titanium oxide hydrate 

is formed through the hydrolysis of titanium tetrachloride. The preparation of these 

solutions and mixing procedure is described below. 

Poly(vinyl alcohol) (PVA) was purchased from Sigma-Aldrich. PVA has the product name 

Mowiol® 18-88 which is approximately 88% hydrolyzed, with the other 12% representing 

residual acetyl groups and has a weight average molecular weight, Mw =130,000 g/mol. 

Solutions of PVA in water are prepared at a concentration of 4 wt% PVA by dissolution of 

PVA into water and heated to 85 °C under vigorous stirring for at least 2 hours until fully 

dissolved. The resulting PVA solution is then stable at room temperature for months. 

Titanium oxide hydrates (TiOH) are formed from the hydrolysis of TiCl4 purchased from 

Sigma-Aldrich at a purity of 99.9% trace metal basis. The hydrolysis is highly exothermic 

and fast, therefore, TiCl4 is dropped slowly (~1 drop/second) into a round bottom flask of 

water, submerged in an ice bath. The final concentration of Ti was between 0.5 M and 2 M 

depending on the desired viscosity of the final hybrid solution. The hydrolysis assumed to 

not produce a 100% yield, and has the nonstoichiometric reaction form: 

 TiCl4 + H2O → TiOx(OH)yClz + HCl 
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The hydrate is stable for several months when stored in a freezer below 0 °C to avoid 

further condensation to titanium dioxide nanoparticles. 

Hybrid solutions are prepared through mixing of the PVA solution with the TiOH solution 

to the desired concentration. Desired concentrations, in vol% Ti of the resulting solid state 

hybrid film are calculated through: 

 
𝑣𝑜𝑙% 𝑇𝑖 =  100 (

𝑉𝑇𝑖 𝑠𝑝𝑒𝑐𝑖𝑒𝑠

𝑉𝑇𝑖 𝑠𝑝𝑖𝑒𝑐𝑒𝑠 + 𝑉𝑃𝑉𝐴
) 

= 100(
𝑛𝑇𝑖(𝑀𝑇𝑖 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝜌𝑇𝑖 𝑠𝑝𝑒𝑐𝑖𝑒𝑠⁄ )

𝑛𝑇𝑖(𝑀𝑇𝑖 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝜌𝑇𝑖 𝑠𝑝𝑒𝑐𝑖𝑒𝑠⁄ ) + 𝑉𝑃𝑉𝐴

) 

= 100 (
46.2 𝐶𝑇𝑖

46.2 𝐶𝑇𝑖 + 0.794
) 

(1.2) 

Where CTi is the concentration in mol Ti/g PVA, thus considering 1 g of PVA. This relation 

is taken from Russo et al.14, that shows the titanium species has a density of 1.95 g/cm3 and 

a molar mass of 90 g/mol. 

Hybrid solutions are only considered stable for roughly 12 hours at room temperature and 

are sensitive to heat. Solutions are not to be heated as it leads to white scattering points and 

yellow-tinted solutions attributed to titanium oxide aggregation and PVA degradation, 

respectively. After mixing of the solution to the desired concentration, the hybrid is 

deposited using solution processing techniques including spin coating, dip coating, and 

drop-casting. After solution processing and prior to any additional annealing or washing, 

hybrid films are stored for a minimum of 5 days under vacuum to remove residual water 

and HCl.  
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1.2.3 Optical Modeling 

Calculations of the refractive index and thickness of thin films are done so using a home-

built MATLAB software that utilizes the Transfer Matrix Method (TMM). Relevant 

physical parameters and equations are discussed below.  

Maxwell’s equations can describe the propagation of the electric field through some 

medium as16,17: 

 𝐸 =  𝜺 𝑒𝑥𝑝[𝑖𝜔𝑡 − (2𝜋𝑁 𝜆⁄ )𝑥] (1.3) 

Where ε is the vector amplitude of a wave propagating along the x-axis with a wavelength 

λ and the angular frequency, ω. N is defined as the complex refractive index and can be 

written as: 

 𝑁 = 𝑛 − 𝑖𝑘 (1.4) 

The real part n is often simply called the refractive index, while the imaginary part k is the 

extinction coefficient. n is also defined by the speed of light in a dielectric medium such as 

n=c/v where c and v are the speeds of light in vacuum and the medium, respectively. All 

references to refractive index, n, in this thesis refer to this definition, and reports of the 

refractive index of processed films are reported only as the real part. k is a measure of the 

absorption in the medium. The amplitude of the wave falls to 1/e of its initial value after 

propagating for a distance of λ/2πk which is also known as the absorption coefficient α (in 

cm-1). 

Using these definitions, Equation 1.3 can be restated as: 

 𝐸 =  𝜺 𝑒𝑥𝑝(−𝛼𝑥) 𝑒𝑥𝑝[𝑖𝜔𝑡 − (2𝜋𝑛 𝜆⁄ )𝑥] (1.5) 
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The second exponent of Equation 1.5 is representative of the change in phase of the wave 

having travelled a distance x in the medium. For ease of calculation, the absorption 

coefficient, α, is assumed to be zero across the visible and near-IR range. This assumption 

is reasonable considering PVA, PMMA, and titanium dioxide do not absorb in either of 

these ranges. Since α is assumed to be zero, exp(-αx)=1, so the propagating wave is only 

dependent on the real part of the refractive index, n.  

Description of the propagating wave within a medium, is not fully descriptive of a thin film 

system, as the boundaries between medium also affect the wave. When two media with 

different refractive indices are in contact, common in thin-film optics, a plane wave is 

partly transmitted and partly reflected. Furthermore, the intensity of the transmitted and 

reflected waves depends on the polarization and angle of the incident light. However, for 

normal incidence, the transmittance and reflectance are independent of the polarization, 

and derivations from this point on will only consider normal incidence. The assumption of 

normal incidence is valid in our system because the Cary UV-Vis-NIR Spectrophotometer 

measures thin film transmission at normal incidence. Reflection in this instrument is 

measured at 8 degrees relative to normal. Expansions to the built software can include 

considerations like polarization and angle. The following equations describe the reflection 

and transmission coefficients at normal incidence, and are generally known as the Fresnel 

equations: 

 
𝑅 =  (

𝑛0 − 𝑛1

𝑛0 + 𝑛1
)
2

 (1.6) 

 
𝑇 =

4𝑛0𝑛1

(𝑛0 + 𝑛1)2
 (1.7) 
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Where R is the reflectance power, and T is the transmittance power, which are both ratios 

to the incident power, and therefore equal to or less than 1. n0 and n1 are the refractive 

indices of the incident medium and the transmitted medium, respectively. 

Due to the law of conservation of energy, we have: 

 1 = 𝑇 + 𝑅 + 𝐴 (1.8) 

Where A is the absorptance, not to confused with absorption or extinction coefficients, and 

is also the ratio of absorbed irradiance to incident irradiance. With the systems discussed 

in the thesis, like mentioned prior, A is assumed to be zero since absorption and extinction 

coefficients are zero as materials do not absorb over the wavelengths of interest.  

The Fresnel Equations, help describe the optical response of a semi-infinite layer, which is 

similar to a glass substrate. This is due to the optical thickness (nd) of the glass substrate, 

~1 mm, which is much larger than the coherence length (λ) of the light source, ~400-1000 

nm. The thickness variations of a substrate are also most likely too large or irregular to 

induce coherent interference effect, thus deemed an incoherent medium. However, when 

the optical thickness is in a similar range as the coherence length, like in polymer thin films, 

it is considered a coherent layer and interferences should be considered. 
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Figure 1.1 Schematic of the Thin Film Case Incident light is reflected multiple times 

within the coherent layer, n1. Without absorption events, then the summation of the 

reflected light intensity and transmitted light intensity equal that of the incident light 

intensity. 

Figure 1.1 shows a system with two boundaries, with the layer of refractive index, n1, is a 

coherent layer, and n0 and n2 are incoherent layers. For the purpose of the experiment, n0 

is the refractive index of air (~1) and n2 is the glass substrate. Boundaries of the coherent 

layers cause a phase shift, δ, of a wave travelling through this thin-film described by: 

 𝛿 = 2𝜋𝑛𝑑 cos 𝜃/𝜆 (1.9) 

where θ is the angle of incidence of the wave, thus, cosθ =1 at normal incidence. 

Incident light bouncing in the thin-film results in multiple transmitted and reflected waves 

at each interface creating in-phase and out-of-phase waves at particular wavelengths. The 

transmitted and reflected waves have oscillating intensities between these specific 

wavelengths and are referred to as Fabry-Pérot oscillations.  

These oscillating transmittance and reflectance intensities are relatively easy to measure by 

UV-Vis spectroscopy and carry several characteristics such as the refractive index, 

thickness, and optical loss. Figure 1.2 shows model transmittance spectra of two films on 
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glass substrates with varying refractive indices and thicknesses. In these models, glass is 

assumed to have refractive index of 1.5. 

 

Figure 1.2 Fabry-Pérot Oscillations in High Refractive Index Layers. When a 

transparent, coherent layer is deposited on a glass substrate, oscillating transmission spectra 

occur if the layer has a different refractive index than glass. Thicker layers of the same 

refractive index show shorter oscillating periods. Larger refractive index layers show 

increased oscillation amplitudes. If no optical loss occurs, then the oscillation maxima 

overlap with the transmission of the substrate. If the coherent layer has a refractive index 

lower than glass, then oscillation occurs above the glass line, with smaller refractive indices 

possessing larger amplitudes.  

The increase is physical thickness of the film results in a smaller period of transmission 

oscillation, due to the quarter-wave and half-wave boundaries occurring twice as 

frequently. The increase in refractive index from 1.6 to 1.8 increases the amplitude of the 

oscillations. The minimum and maximum of the oscillations do not align at the same 

wavelengths because the quarter- and half-wave thicknesses are dependent on optical 
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thickness which is nd. If the refractive index, n1, was lower than the n2 then oscillations in 

transmission would occur over the glass substrate line. Finally, these oscillations can give 

an indication of the optical loss of the film. A film with no optical loss will have maxima 

in the oscillations reach the glass substrate line. A drop in these maxima below the substrate 

line is due to non-zero absorption coefficients or diffuse scattering. Absorption will show 

an overall vertical shift in the oscillations depending on the magnitude of the coefficient in 

the wavelengths of interest. Diffuse, or Rayleigh, scattering will have a drop in intensity 

proportional to 1/λ4. 

The electronic (E) and magnetic (H) components a wave passing through coherent layer 

can be described as:  

 
[
𝐸0−1

𝐻0−1
] = [

cos 𝛿 (𝑖 sin 𝛿) 𝑛1⁄

𝑖𝑛1 cos 𝛿
] [

𝐸1−2

𝐻1−2
] (1.10) 

Where the subscript 0-1 describes the boundary between n0 and n1, and the subscript 1-2 

describes the boundary between n1 and n2. Dividing Equation 1.10 by E1-2 gives:  

 
[
𝐸0−1 𝐸1−2⁄

𝐻0−1 𝐸1−2⁄
] = [

𝑋
𝑌
] = [

cos 𝛿 (𝑖 sin 𝛿) 𝑛1⁄

𝑖𝑛1 cos 𝛿
] [

1
𝑛2

]  (1.11) 

Where X and Y are substituted for simplicity. The resulting transmittance and reflectance 

intensities can now be described as: 

 
𝑇 =  

4𝑛0𝑅𝑒(𝑛2)

(𝑋𝑛0 + 𝑌)(𝑋𝑛0 + 𝑌)∗
  (1.12) 

 
𝑅 =  (

𝑋𝑛0  −  𝑌

𝑋𝑛0 + 𝑌
) (

𝑋𝑛0  −  𝑌

𝑋𝑛0 + 𝑌
)

∗

 (1.13) 

The 2x2 matrix in Eq 1.11 is called the characteristic matrix, Mj, and describes the coherent 

layer j.  
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𝑀𝑗 = [

cos 𝛿𝑗 (𝑖 sin 𝛿𝑗) 𝑛𝑗⁄

𝑖𝑛𝑗 cos 𝛿𝑗
] (1.14) 

In the case of multiple coherent layers stacked together in one structure, like depicted in 

Figure 1.3, a characteristic matrix exists for each coherent layer.  

 

Figure 1.3 Multilayered Coherent Structure Schematic depicted a thin-film arrangement 

of several, transparent coherent layers stacked together on top of an incoherent layer. The 

transmitted intensity is a function of all of the layers together. Image credit: Stefan 

Bachevillier. 

This characteristic matrix approach can describe each coherent layers in sequence and the 

total transmittance and reflectance intensities can be calculated at once using: 

 
[
𝑋
𝑌
] = [𝑀1][𝑀2] … [𝑀𝑛] [

1
𝑛𝑠

] (1.15) 

This is known as the Transfer Matrix Method (TMM) and is highly useful in calculating 

the spectra of multilayers structures.  

Considering the UV-Vis set-up requires the incident beam to exit the substrate layer into 

air, additional interfaces occur and can be calculated. The TMM will describe the optical 

response of coherent layers in a multilayered structure, however it does not describe the 
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incoherent part. The transmitted intensity for an incoherent layer is considered an infinite 

sum of each wave and can be expressed as a function of the transmittance through the first 

and second interfaces (interfaces a and b in Fig. 1.3). The consecutive reflected wave can 

be added to form a series summed to infinity and solved to arrive at: 

 
𝑇 =  (

1

𝑇𝑎
+

1

𝑇𝑏
− 1)

−1

 (1.16) 

 
𝑅 =

𝑅𝑎 + 𝑅𝑏 − 2𝑅𝑎𝑅𝑏

1 − 𝑅𝑎𝑅𝑏
 (1.17) 

assuming the incoherent layer has no optical loss. Thanks to the flexibility and ease of 

TMM, each interface of the incoherent layer can contain coherent multilayered structures 

and the optical response of the total system is still calculatable. Furthermore, the refractive 

index of materials is dependent on the wavelength, and one relation that describes the 

polymer and hybrid films with reasonable accuracy is the Cauchy Equation:  

 
𝑛 = 𝐴 +

𝐵

𝜆2
 (1.18) 

Where A and B are unitless coefficients and λ is the wavelength in microns. B describes the 

dispersion of the refractive index which is related to often reported Abbe numbers and is 

also assumed to always be positive as the refractive index for these materials should 

increase with decreasing wavelengths. However, the refractive index of glass is not 

accurately described by the Cauchy Equation and therefore takes the form18: 

 
𝑛 = 𝐴 +

𝐵

𝜆2
+ 𝐶𝜆2 (1.19) 

A screenshot of the MATLAB app designed to solve the TMM is depicted in Fig. 1.4. 
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Figure 1.4 MATLAB App for TMM Screenshot of home-built code for calculating the 

refractive index and thickness of multilayered structures. 

The MATLAB code will solve for the refractive index and physical thickness for any 

periodic multilayered structure. The assumptions of lossless thin films and substrates along 

with Cauchy Equation fits are used throughout this thesis. Expansions to the MATLAB 

solver for the TMM can include nonzero extinction coefficients and diffuse scattering 

losses, as well as angle dependent measurements. 

1.3 Titanium Oxide Hydrate:PVA Hybrids 

One of the most common inorganic materials as fillers in organic matrices is titanium 

dioxide, TiO2 or titania.15,19,20 Titania is an extremely versatile material which is used in 

paints and ceramics as a pigment, healthcare products as antimicrobial coatings, and in 

photocatalysis and photovoltaics.21 Titania has several crystal forms, each with their own 

properties: bulk anatase is characterized by a refractive index of 2.54 (at 550 nm) and a 

band gap energy of 3.20 eV, bulk rutile is characterized by a refractive index of 2.75 (at 

550 nm) and a band gap energy of 3.03 eV, and amorphous TiO2 is characterized by a 
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refractive index of 2.51 and band gap energy of 3.27 eV.22 The refractive index of 

nanoparticles is known to decrease with decreased particle diameter12, and anatase titania 

was found to be more stable than rutile when particle size dropped below 14 nm.23 There 

are several ways to produce titania thin films and nanoparticles, including sol-gel, chemical 

vapor deposition, hydrothermal, and ion cluster beam.24,25 However, with the exception of 

sol-gel processing, these processes typically require high temperatures and/or vacuum level 

pressures. Thus, the production of hydrous titania via sol-gel processing is investigated in 

this thesis. Hydrous titania has been studied for over 100 years.26 Titanium tetrachloride 

and titanium tetra-alkoxides are typical precursors to the production of TiO2 via sol-gel 

processing, but their intermediate, titanium oxide hydrate, has not led to detailed research 

into its composition. Amorphous titania is produced using a hydrolysis method but not if 

heat is added.26 Titanium oxide hydrates are thus given a chemical formula as 

TiOx(OH)y(Cl)z, with x=1 indicating a mononuclear species, and x≥2 for the polynuclear 

species, each of which having unique optical characteristics.27 The distinction between 

mononuclear and polynuclear species is important due to their different photochromic 

response and potentially different light scattering response. 

  

Figure 1.5 Representation of Mono- and Poly-nuclear Titanium species. Mononuclear 

titanium oxide hydrate (left) contains only 1 Titanium atom while polynuclear titanium 

oxide hydrate (right) contains multiple titanium atoms. Residual chloride is possible is each 

structure due to the incomplete hydrolysis reaction. 

When adding the hydrates to poly(vinyl alcohol) (PVA) that has been predissolved in 

water; and casting as a film of this hydrolysis solution with PVA via spin coating or dip 
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coating, the result is a very versatile hybrid. There is no optical loss even when the volume 

fraction of titanium oxide hydrates reaches close to 100%, i.e. there is no loss due to 

scattering, and refractive indices of 1.5-1.9 were demonstrated with these materials.14 

However, the exact relationship between the titanium and polymer has not been extensively 

studied. The hydroxyl groups on the titanium oxide hydrate are proposed to act as 

crosslinkers for the polymer through strong hydrogen and likely, covalent bonding with its 

hydroxyl groups.28 The organic molecule may indeed act as a chelating agent with the 

hydrate, since the mixture of it with glycerol produces a stable and transparent solution.27 

First, the titanium oxide hydrate:PVA hybrid must be produced and proven to be a highly 

transparent material before moving into the physical and chemical investigations.  

1.3.2 Low Optical Loss Materials 

Exceptional optical properties in hybrids and nanocomposites comes from the more 

intimate mixing of the two components. Better mixing can lead to fewer interfaces that 

cause scattering losses. The high hydroxyl group density of PVA along with the sub-

nanometer-sized titanium oxide hydrate is prime for intimate mixing thus reducing 

potential titanium oxide aggregation. If the titanium species remains as extremely small 

particles homogeneously mixed throughout a PVA matrix, then the interfaces will be small 

enough to not affect optical properties. The next step in mixing of the inorganic and organic 

components would be a covalently bonded network known as a molecular hybrid. 

Molecular hybrids will have no interfaces between the two components and thus no 

scattering points making it the ideal optical material.  

To assess the efficacy of a nanocomposite or hybrid, one of the easiest ways is to measure 

the thin film transmission. The transmission curve can immediately inform you on any 
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optical losses including diffuse scattering and absorption. The TiOH:PVA hybrids have a 

unique transmission curve seen in Figure 1.6. Both 30% and 60% hybrids show Fabry-

Perot oscillations like mentioned in Section 1.2.3. When measuring the transmission of 

optically transparent films, it is critical to measure of everything in comparison to the glass 

substrate that supports the film. Glass itself does not have full 100% transmission due to 

its refractive index of ~1.5, additionally, the transmission is slightly wavelength dependent 

due to its refractive index dispersion. If the optical film in question has the same or greater 

refractive index than the glass, then the total system cannot have a greater transmission 

than the glass alone. Optical films with lower refractive indices than glass will have 

oscillations occurring above the glass transmission, creating a pseudo-antireflective 

coating.  

Hybrid film oscillations exist below the glass transmission line and therefore will have 

higher refractive indices than glass. Additionally, the maxima of the oscillations reach that 

of glass which indicates no optical loss due to absorption or scattering. The depths, or 

amplitudes, of oscillations increase with titanium content as well, confirming an increase 

in refractive index. Hybrid films refractive indices and dispersions are model with the 

Cauchy Equation, and Figure 1.6 shows good agreement between the raw data (solid lines) 

and model fit (dotted lines). Table 1.1 details the Cauchy coefficients for several titanium 

content hybrids. 
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Figure 1.6 Optical Transmission of Hybrids. Oscillations in the transmission curves 

indicate the hybrids are highly transparent and have high refractive indices. 30 vol% Ti 

hybrids (blue line) show a smaller amplitude than the 60 vol% Ti hybrids (red line) 

highlighting the increase in refractive index of the 60 vol% Ti hybrid. Dotted lines are the 

TMM model fits and show good agreement with the data. 

The Fabry-Perot oscillations help show the high transparency of the hybrids however can 

only qualitatively measure the optical losses as it is limited by the TMM code built. To 

assess optical losses, in accordance with the law of conservation of energy, reflection can 

provide insight. If the total reflection summed with the transmission is equal to 100% then 

there is no absorption losses. Then the reflection can be broken into specular and diffuse, 

and similarly, if the specular reflection and transmission total 100% then no diffuse 

scattering occurs. Figure 1.7 shows the transmission as well as the specular reflection of 

hybrid films between 25% and 90% titanium. The specular reflection increases as the 

transmission decreases which is consistent with a refractive index increase. Additionally, 

the total between the transmission and reflection equals roughly 100% across the visible 
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range. Some slight deviations from 100% are seen, however the reflection measurement is 

done at 8 degrees compared to normal incidence. The transmission and reflection is angle 

dependent, and therefore, deviations from 100% are attributed to this artifact.  

 

Figure 1.7 Transmission and Reflection of Hybrids. Solid lines show the transmission 

curves of several vol% Ti hybrids. Dotted lines show the specular reflection curves of the 

same films. Oscillations are not as apparent due to the sample thickness. In all cases, 

summation of transmission and reflection equals about 100%. Absorption losses are seen 

starting in the UV range. 

There is the start of an absorption band near 350 nm for all hybrid compositions. The 

absorption band is due to the bandgap of the titanium species which is assumed to be similar 

to that of TiO2 at ~3.2 eV. 22 There is a slight shift to lower energies of this absorption band 

with titanium content which suggest the titanium species is getting slightly larger in 

diameter29, not accounting for any residual chlorine. This diameter increase still does not 

affect the visible and near-IR transparency. With transmission, reflection, and absorption 

all considered, these materials can be labeled as little to no optical-loss hybrids.  
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1.3.3 Tunable Refractive Index 

In the previous section, the high transparency of the hybrids is shown, but to further 

characterize and use these materials in optics and photonics, the range of refractive indices 

needs to be known. Table 1.1 shows the Cauchy coefficients for a wide range of titanium 

content hybrids. 

Table 1.1. Cauchy Coefficients of Hybrids 

Material 
Cauchy Coefficient 

A B 

PVA 1.50 0.006 

30 vol% Ti 1.63 0.013 

60 vol% Ti 1.75 0.018 

90 vol% Ti 1.84 0.023 

With titanium content increase, there is an increase in both Cauchy coefficients, A and B. 

An increase in A is consistent with an increase in the wavelength independent regime, and 

the increase in B states that the dispersion of the hybrids increases with titanium content. 

Generally, an increase in dispersion is seen when approaching the bandgap of the materials. 

Since there is a consistent shift to lower bandgaps seen in the absorption of the hybrids in 

Figure 1.7, this dispersion increase is expected. Dispersion can play a large role in optical 

fibers and waveguiding, with generally, lower dispersions being more favorable.2 When 

sending a pulse of light through the fibers, a single wave packet which consists of a very 

fine wavelength range will spread out through the fiber as the wavelengths experience 

slightly different travel speeds. The dispersion of the fiber will dictate how much the wave 

spreads and therefore the maximum frequency of wave packets sent. A figure of merit for 

the dispersion of materials is the Abbe number which is the ratio between the Fraunhofer 
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spectral lines.30,31 A higher Abbe number means lower dispersion, and for the hybrids, the 

Abbe number decreases with increasing titanium content, and have a value between ~80 

and ~10. Figure 1.8a shows the refractive indices versus wavelength across the visible 

range, and generally there is a linear trend of refractive index with vol% titanium which is 

consistent with the Bruggemann effective medium theorem.32 

 

Figure 1.8 Tunable Refractive Index Hybrids (a) Refractive index increase with titanium 

content in the hybrids up to 95 vol% Ti. The refractive index is tunable up to nearly 2.3 in 

the visible range. (b) Annealing the hybrids leads to a further increase of refractive index 

due to the removal of residual chlorine in the material. Credit to Stefan Bachevillier and 

Andrew Strang to fill in more data points.33,34 

In addition to the refractive index increase with titanium content, post-deposition annealing 

also affects the refractive index. Figure 1.8b shows the 2D heatmap of the refractive index 

at 550 nm, for hybrids of varying titanium contents and annealing temperatures. For 

annealing temperatures below ~75 °C, the refractive index does not have a large change 

with increasing titanium content. The refractive index only varies between 1.5 and ~1.78. 

However, with annealing temperatures around 150 °C, the refractive index varies between 

1.5 and ~1.95. This increased dependence of annealing temperatures, especially at high 



 Chapter 1. Hybrid Materials in Optics and Photonics 
 

23 
 

vol% Ti hybrids suggests that there is a significant change in the material, likely from 

chemical reactions. Investigations into these changes are discussed in the next section. As 

long as the hybrid contains less than 95 vol% Ti and annealed under 175 °C, it’s no optical-

loss property remains, making it a highly versatile material for optics and photonics.  

1.3.4 Physical and Chemical Investigations 

The uniqueness of the highly transparent hybrids suggests very favorable interactions 

between the titanium species and PVA. Crosslinking through hydrogen bond 

intermolecular forces or even covalent crosslinking by the condensation of titanium species 

with the hydroxyl groups are both potential pathways. Crosslinking can affect several 

physical and structural characteristics of polymers, including the hydrophilicity, glass 

transition temperature, and thermal stability, and thus will be investigated to elucidate the 

interactions. 

PVA is known for its pronounced hydrophilicity due to its high density of hydroxyl groups, 

which also imparts the water solubility. Water contact angle measurements highlight the 

hydrophilicity of PVA with an amplitude of roughly 33°. Any change in the chemical or 

physical interactions between the hydroxyl groups of PVA and the water droplet are 

expected to shift this. Higher hydroxyl group densities will lower the amplitude and 

hydroxyl group removal will increase the angle. Since the interactions between PVA and 

water are so strong, the water droplet will start to absorb into the PVA film, thus for 

consistency, the contact angle is measured as quickly as possible. To obtain an in-focus 

picture and measure the contact angle, this took about 30 seconds, thus all contact angle 

measurements are taken at the same time interval.  



 Chapter 1. Hybrid Materials in Optics and Photonics 
 

24 
 

Even with 10 vol% Ti hybrids, there is an increase to 66° in the water contact angle which 

is double that of neat PVA. This large change suggests that several hydroxyl groups are 

interacting with the titanium species and therefore do not have the same affinity towards 

water. Further increase of titanium contact appears to have a limited effect on the contact 

angle, with 90 vol% hybrids also around 66°. Annealing of the hybrids, leads to a slight 

increase in contact angle at most concentrations which suggests some additional 

crosslinking. With both neat PVA and neat TiO2 being hydrophilic due to surface hydroxyl 

possible on nanoparticles, the contact angle of hybrids and nanocomposites are likely to be 

between the two.35 The rate of change in the contact angle is not measured so absorption 

rates are not accessible. It is possible that the absorption of the water droplet happens at 

different rates between neat PVA and hybrids thus the change in water contact angle is 

more of a qualitative tool than a quantitative tool to measure exact changes in interactions. 

In addition to changes in hydrophilicity, the thermal properties of hybrids are expected to 

change with titanium content. An increase in the elastic modulus can be expected, however, 

well defined thick films are difficult to create of the hybrids. Therefore, the glass transition 

temperature is only reported of the hybrids as it is not dependent on the raw moduli 

intensities, but instead of the ratio between the elastic and loss moduli. Both the neat PVA 

and hybrids are measurement at a 0.02% strain, 10 Hz damping factor, and 3 °C/min 

heating rate on a parallel plate rheometer. The PVA shows a peak in the tan(δ) at 78 °C, 

which is similar to expected values.36 Crosslinking polymers will lead to an increase in 

glass transition temperature (Tg).
37 Even just the 1 vol% Ti hybrid shows an increase in the 

glass transition of ~16 °C. Additionally 10% and 20% hybrids show even higher Tg 

increases up to 116 °C and 141 °C, respectively. The extremely large increase in Tg 
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suggests significant covalent crosslinking occurs, however, this still could be due to 

hydrogen bonding interactions between the PVA and titanium species. For example, 

polypropylene and PVA have Tg’s roughly 90 degrees apart which is due to the hydrogen 

bonding PVA has with increasing the barrier to segmental motion.38 

 

Figure 1.9 Evidence of Crosslinked Network. (a) Water contact angle measurements of 

as-cast (black) and 150 °C annealed (red) hybrids. (b) Glass transition temperature as 

function of vol% Ti measured via rheometry. 

Improved hydrophobicity and increased glass transitions in thermal measurements suggest 

the crosslinking of hybrids. To gain further insight, DSC is performed to potentially 

measure similar glass transition temperatures and any other microstructural changes like 

crystallinity. Figure 1.10 shows both the first and second heating curves of drop-casted 

hybrids. For neat PVA, there are two prominent endotherms during the first heating, with 

the lower temperature attributed to absorbed water evaporation, and the higher temperature 

endotherm to crystal melting. A glass transition temperature is not very clear, with perhaps 

a small slope change occurring around 25 °C, which could be the glass transition of PVA 



 Chapter 1. Hybrid Materials in Optics and Photonics 
 

26 
 

when plasticized by the water. Upon second heating, the glass transition temperature of 

PVA is clearly seen at 78 °C which is in agreement with the rheometer measurement.  

Hybrids show 2-3 strong endotherms in the first heating scans, with the lower temperature 

endotherm increasing to slightly higher temperature with more titanium content. The slight 

increase in temperature is attributed to both water and HCl loss from the hybrids since HCl 

solutions boil at a slightly higher temperature. The higher temperature endotherms around 

180 °C are not expected to be crystal melting, as the proceeding cooling curves of the 

hybrids show no corresponding exotherms of crystallization. Thus these endotherms are 

attributed to further chlorine loss, oxidation of titanium, and even crosslinking.  

Second heating curves of hybrids are remarkably featureless, and with the known change 

in refractive index upon annealing, the hybrids have been effectively annealed up to 240 

°C. The hybrids during the second heating are likely to be heavily crosslinked and/or 

slightly degraded samples, both of which can appear as featureless DSC curves. TGA will 

give further insight to evidence of degradation. 
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Figure 1.10 DSC of Hybrids (a) First heating scan of drop-casted hybrid samples. Large 

endotherms are attributed to mass loss and not phase transitions, with the exception of neat 

PVA crystal melting at 180 °C. (b) Second heating scan of drop-casted hybrid samples. All 

hybrids show featureless scans. 

Thermogravimetric analysis (TGA) is highly useful in determining the degradation onset 

temperature of materials. For polymers, the degradation onset will increase with degree of 

crosslinking.39,40 This is generally attributed to the reduced reactivity of side-chains from 

the covalent crosslinks. PVA has been widely investigated using TGA and degrades 

through two steps. The first is elimination of the hydroxyl groups, and the second is 

degradation of polyene segments.41–43 Figure 1.11 shows the degradation of PVA in the 

black curve. There is an initial mass loss at 100 °C which is from water evaporation. Then 

the lower degradation step occurs around 250 °C and the second step at ~375 °C. The two-

step degradation is crucial because it indicates the stability of hydroxyl groups. 

Similar to the DSC, the hybrid materials have much richer TGA curves than neat PVA. 

First to note, at the high temperature range, above 500 °C, there is an increase in residual 

mass with increasing titanium content. There is not a linear increase in residual mass with 
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vol% Ti therefore the titanium species is expected to change, likely from the mononuclear 

to polynuclear structure with increasing titanium content. Worth noting however, is that 

drop-casted hybrid films to perform TGA do not form the same homogeneous morphology 

as spun-cast or dip-coated films. The water is not as easily evaporated and removed from 

the system, as it takes 24-48 hours for the drop-casted films to dry leading to large cracks 

and more titanium aggregation. Films with less than about 30 vol% Ti generally maintain 

the large, homogeneous transparency attributed to the comparatively large amount of 

hydroxyl groups available on the PVA leading to interaction between the species.  

At low temperatures, the hybrids show a continuous loss of mass especially below 200 °C. 

This is attributed to chlorine loss from the incomplete hydrolysis of TiCl4. Loss of chlorine, 

and therefore oxidation of titanium is consistent with the increase of refractive index with 

annealing temperature. Around 400 °C, there is a loss of mass in the 10% and 25% samples 

which is related to the polyene group degradation of the PVA as it happens at the same 

temperature range as neat PVA and the backbone is not expected to change with titanium 

content.  
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Figure 1.11 TGA of Hybrids Increasing titanium content leads to improved thermal 

stability. The hybrids show low temperature mass loss due to the incomplete hydrolysis of 

titanium tetrachloride. 

With the gradual decrease in mass at lower temperatures, the hybrids films are post-treated 

both with annealing and washing steps to elucidate the process occurring. The annealing 

step is to gain further insight into the refractive index increase. Figure 1.12 shows both 

10% and 25% hybrids after annealing at 150 °C for 5 minutes. Higher vol% Ti content 

films are not post-treated due to them not being great film morphologies. For both 10% 

and 25% hybrids the mass loss, with the exception of water loss, is limited below 150 °C. 

This verifies that the removal of chlorine is irreversible, thus the hybrids will behave as the 

highest, previously annealed samples. For example, a hybrid annealed at 150 °C then 100 

°C will have the same properties as the 150 °C annealed only sample. The annealing is 

only expected to change crosslinking density and not any crystallinity because no 

crystallization transitions occurred in DSC. 

Similar to the annealing post-treatment, hybrids washed in water show further improved 

thermal stability. Hybrids were submerged in water in 5 minute increments, with the pH of 
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the water measured after each soak. Once the pH equilibrates to neutral water, the removal 

of chlorine and further oxidation of titanium is expected to be complete. Washed hybrids 

have mass-loss onsets even greater than that of annealed hybrids. The refractive index of 

the hybrids are expected to be even higher than the 150 °C annealed ones, however were 

not tested in this thesis. Washing steps may not be favorable post-treatments especially in 

photonics and optics thus annealing is only considered throughout the thesis. Regardless 

of post-treatments, the high temperature degradation steps, ~400 °C, are unaffected and 

thus attributed to polyene segments. The first degradation step which is attributed to the 

hydroxyl group removal also increases slightly with post-treatment which suggest the post-

treatments crosslink the network further.  

 

Figure 1.12 TGA of Post-treated Hybrids (a) Mass loss of as-cast, 150 °C anneal, and 

water washed 10 vol% Ti hybrids (b) Mass loss of as-cast, 150 °C anneal, and water washed 

10 vol% Ti hybrids. 

The thermal investigations suggest that covalent crosslinking is possible in the hybrids, 

however, XPS can help gain information to nearest neighbor bonds in the network. XPS 

spectra are measured at four binding energies of interest that relate to the energies for 
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carbon, oxygen, chlorine, and titanium as these are the only four atoms expected in the 

hybrid other than hydrogen which is not accessible in XPS. Figure 1.13 represents the 

corresponding spectra for each atom at varying vol% Ti hybrids. For neat PVA, three peaks 

are expected and seen in the XPS spectra which correspond to CH2 at ~284 eV, C-OH at 

~286 eV, and C=O at ~289 eV.44 As more titanium is introduced to the hybrid there is a 

shift in these carbon peaks to higher binding energies. This increase is attributed to an 

increased local strain due to the crosslinking leading to more cationic behavior of the 

carbon atoms. Similar shifts in binding energies are seen in crosslinked polyacrylimides.45 

There is also a decrease in intensities of the ~286 eV peak of the C-OH which suggests that 

the crosslinking occurs through these groups. Similar decrease in the C-OH signal is seen 

in crosslinked pullalan nanofibers46 and PVA.47 There is little change in the C=O intensity 

indicating that the processing does not significantly hydrolyze the PVA and crosslinking 

does not occur through the acetyl groups. 

XPS spectra of oxygen atoms are split primarily into two different species, O-C at ~532 

eV and O-Ti at ~531 eV. There is a broadening and shift of the oxygen spectra towards 

lower binding energies which is consistent with increasing titanium content in the hybrids. 

The broadening of the oxygen spectra indicates that there are several species of oxygen 

which are due to O-C bonds as well as mono- and poly-nuclear titanium species. The 

binding energies of Ti-O-Ti and Ti-O-C are at very similar binding energies and difficult 

to deconvolute but are both expected to be present in this hybrid to be consistent with the 

carbon spectra.48 Chlorine spectra show a steady increase in chlorine content with vol% Ti 

with two peaks appearing that are the p-orbital splitting signals in XPS. Finally, titanium 

spectra show a slight increase in binding energy with vol% Ti in the hybrid with multiple 
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peaks, separated by about 6 eV, is consistent with the p-orbital splitting of TiIV.48 Overall, 

the consistent shifts in XPS spectra with titanium content in the hybrids suggests good 

homogeneity of the hybrid with no vertical phase separation as the XPS is surface sensitive.  

 

Figure 1.13 XPS of Hybrids (a) Carbon peaks of hybrids show an increase in binding 

energy with titanium content as well as a decrease in the C-OH peak. (b) Oxygen peaks 

showing a trend from mostly O-C to O-Ti bonds. (c) Titanium peaks with evidence of the 

p-orbital splitting. (d) Chlorine peaks with noisy signals indicated there is very little 

residual chlorine in the hybrids. 
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In addition to the trends with titanium content in the hybrids, XPS can provide insight into 

chemical species evolution due to annealing. Figure 1.14 shows the atomic percentages for 

a 60 vol% Ti hybrid after different annealing temperatures. There is significant mass loss 

of the hybrids from room temperature to 150 °C seen in TGA. Additionally, the refractive 

index increases slightly with annealing which suggests new bond formation and 

polarizations. For the 60 vol% hybrid, there is a decrease in the amount of chloride in the 

film and a subsequent increase in oxygen. The titanium atoms are hypothesized to oxidize 

furth during this annealing. Oxygen’s greater electronegativity compared to chlorine is 

expected to increase the dipole moment which can affect the polarizability and therefore 

refractive index. When compared the ratio of titanium to chlorine atomic percentages, this 

ratio increases from ~2.5:1 to 13:1 in a parabolic-like trend. This parabolic-like trend in 

Ti-O conversion mirrors the optical thickness changes in the hybrid with annealing 

temperature. The relation between the two are not expected to be exact since densification 

of the hybrid occurs during annealing as well which affects refractive index but is not a 

measurable feature in XPS.  
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Figure 1.14 Annealing Effects of Hybrid Atomic Ratios (a) Atomic percentages for each 

element present in the hybrids at various annealing temperatures. (b) Ratio of the amount 

of titanium to chlorine atoms as a function of annealing temperature. This ratio is the largest 

change between two atoms and is expected to contributed to the refractive index. 

To gain further insight into the XPS spectra of the hybrids, we can look at materials that 

are known to crosslink PVA and traditional nanocomposites with PVA. Borax (sodium 

tetraborate) will crosslink PVA, through the boron atom with sodium acting as an ionic 

stabilizer. In particular, borax has been reported to consume neighboring hydroxyl groups 

on PVA forming a bidentate-like crosslinking scheme.49 Borax hybrids were prepared by 

dissolution of borax in water and added to a PVA solution and spun-cast. Figure 1.15a 

shows the carbon spectra of neat PVA with 10, 30, and 50 wt% borax. Most notably, there 

is a significant drop in the peak assigned to C-OH which are consumed through the 

crosslinks. 
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Figure 1.15 Comparing XPS to other Hybrids and Nanocomposites. (a) Carbon XPS 

peaks of borax-crosslinked PVA. The sharp decrease in the C-OH peaks is consistent with 

then covalent crosslinking of the hydroxyl groups. (b) Carbon XPS peaks of a traditional 

TiO2:PVA nanocomposite where only hydrogen bonding interactions are expected. The 

consistency in XPS spectra confirm no hydroxyl group chemical interactions. 

TiO2 nanocomposites with PVA are not expected to consume C-OH bonds, and instead 

will only interact through hydrogen bonding. To produce these nanocomposites, TiO2 

nanoparticles were dispersed in water and adding to a PVA solution and then spun-cast. In 

Figure 1.15b, the carbon spectra in XPS of neat PVA and 10, 30, and 50 wt% TiO2:PVA 

nanocomposites show no change with TiO2 content. Therefore the nanocomposite does not 

covalently crosslink PVA, and is contributor to scattering losses in films.14  The hybrid 

material’s carbon XPS spectra more closely resembles that of the borax crosslinked PVA.  

1.3.5 The Case for a Molecular Hybrid 

The superior optical properties of the hybrid suggests exceptional mixing of the titanium 

species and PVA. Without any apparent diffuse scattering, the titanium species are 

expected to be below 5 nm in diameter, and the homogeneity of the films support no phase 
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separation. In addition to the optical characterization, thermal and rheological 

measurements suggest significant crosslinking occurs evidenced by the sharp increases in 

Tg. XPS measurements suggest the chemical crosslinking of the PVA through the 

condensation of the titanium species. In particular, the hybrid is expected to form a 

bidentate crosslinking scheme, like that of Borax-crosslinked PVA. The stability of the 

bidentate form of the titanium species is consistent with that titanium hydrolysis 

solutions.50 

 

Figure 1.16 Proposed Titanium Oxide Hydrate:PVA Molecular Hybrid Structure. 

Thus, this formation is deemed a molecular hybrid, as it best explains the thermal, 

rheological, and spectroscopic measurements. This molecular hybrid, to the best of our 

knowledge, exhibits superior optical properties compared to that of other polymer-based 

hybrids. The exact structure is still unknown, however there an expected population of 

crosslinking chemistries that are dependent on vol% Ti and post-processing conditions. 

Figure 1.16 highlights the existence of mono-nuclear (1 titanium atom per crosslink) and 

polynuclear (multiple Ti atoms per crosslink), which have been identified by the 

photochromic responses of the hybrid, discussed in Section 1.5. This molecular hybrid is 
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thus a great candidate for several photonic applications, including distributed Bragg 

Reflectors. 

 

1.4 1D Photonics: Distributed Bragg Reflectors 

1.4.1 Introduction 

Optical polymers have favorable properties that make them great candidates for photonics. 

Their absorption occurs in the UV region and with their amorphous structure cause limited 

optical losses in the visible and near-IR regions. Additionally, they are mechanically 

flexible and robust, light-weight, and their potential-wide area production makes 

processing accessible over several substrate geometries.51 One of the most important 

parameters is the refractive index of the polymer. Examples of commodity polymers used 

in photonics are poly(methyl methacrylate) (n = 1.49),52 cellulose acetate (n=1.46),53 

poly(acrylic acid) (n=1.45),54 polystyrene (n=1.59)55 and poly(N-vinylcarbazole) 

(n=1.68).56 Common polymers used in photonics can be found in Table 1.2 along with their 

refractive index and Tg. 

  



 Chapter 1. Hybrid Materials in Optics and Photonics 
 

38 
 

 

Table 1.2 Commodity Polymers 

Polymer Structure Refractive Index, n Tg (°C) 

poly(methyl methacrylate)  1.49 12557 

poly(acrylic acid) 

 

1.45 10258 

cellulose acetate  1.46 18759 

Polystyrene  1.59 10060 

poly(n-vinylcarbazole)  1.68 22561 

Poly[2,2-

bis(trifluoromethyl)-4,5-

difluoro-1,3-dioxole-co-

tetrafluoroethylene] 

 1.30 24062 
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One of the most common and simplest photonic structures is a one-dimensional photonic 

crystal. Photonic crystals have been studied for decades, following the work of 

Yablonovitch63 and John.64 These are multilayer stacks of alternating materials with a 

refractive index contrast which can create anti-reflection coatings (ARCs) and distributed 

Bragg reflectors (DBRs). Polymer-based DBRs are generally produced via solution-

processing, melt-processing, and self-assembly of block-co-polymers, each having their 

advantages and disadvantages. Solution processed DBRs are examples of a layer-by-layer 

production and the thickness of the individual layers is manipulated with process 

parameters. However, orthogonal solvents must be used for each layer so that there is 

reduced interdiffusion of layers. Coextrusion techniques heat the polymers above their 

glass transitions so the polymers flow and can coat large areas. However, polymers that are 

not insoluble with each other must be used also to not cause layer interdiffusion. Block-

copolymers will self-assemble into lamellae when volume fractions of each segment is 

around 50%.65 However, to achieve features in the visible range, layers must be on the 

order of 100 nm which requires ultra-high molecular weights.  

An important parameter of the DBR is the optical thickness of each layer, which is the 

quarter-wave thickness. In this case, from the TMM, a phase change traversing of quarter-

wave layer is π/2. Thus Equation 1.14 collapses to:  

 
𝑀𝑗 = [

cos 𝛿𝑗 (𝑖 sin 𝛿𝑗) 𝑛𝑗⁄

𝑖𝑛𝑗 cos 𝛿𝑗
] = [

0 𝑖 𝑛𝑗⁄

𝑖𝑛𝑗 0
]  (1.20) 

If this quarter-wave layer is paired with another quarter-wave layer of a different refractive 

index, this constitutes a bilayer in DBRs. Then if the bilayer is repeated N times, the 

characteristic matrix takes the form:  
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[
(𝑛𝐿 𝑛𝐻⁄ )𝑁 0

0 (𝑛𝐻 𝑛𝐿⁄ )𝑁]  (1.21) 

where nL and nH are the lower refractive index and higher refractive index, respectively. 

Combining this characteristic matrix along with Equations 1.13 and 1.15, we can solve for 

reflection intensity for a DBR16: 

 
𝑅(𝜆0) = (

1 − (1 𝑛𝑠⁄ )(𝑛𝐻 𝑛𝐿⁄ )2𝑁

1 + (1 𝑛𝑠⁄ )(𝑛𝐻 𝑛𝐿⁄ )2𝑁
)

2

 (1.22) 

As seen from the equation, the reflectance is dependent on the contrast of the refractive 

indices, with a larger difference leading to stronger reflections. Due to the traditionally 

small refractive index contrast of polymers, high reflectance is generally achieved with an 

increased number of layers. Additionally, the width (Δ) of the stopband of the DBR 

increases with refractive index contrast, accordance with16:  

 
∆ (

𝜆0

𝜆
) =

1

𝜋
sin−1 (

𝑛𝐻 − 𝑛𝐿

𝑛𝐻 + 𝑛𝐿
) (1.23)  

A general schematic of a DBR along with model spectra dependences on number of layers 

and refractive index contrast are shown in Figure 1.17. The area of reduced transmission 

is referred to as the stopband of the DBR, and is the same area that experiences the high 

reflection. 
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Figure 1.17 DBR Schematic and Transmission. (a) DBR schematic highlighting the 

bilayer periodic structure with each layer having a quarter-wave optical thickness which 

creates constructive interference upon reflection. (b) Modeled transmission spectra of 

DBRs. An increase in the number of layers, N, or a larger refractive index contrast, Δn, 

lead to stronger stopbands.  

To design efficient polymer-based DBRs, a large refractive index contrast is desirable as it 

creates a much stronger stopband for the same number of layers (Figure 1.17b). DBRs with 

strong reflection bands create what is known as structural color and DBRs are often 

observed in nature, seen in butterflies,66 beetles,67 and plants.68 These naturally occurring 

photonic crystals provide insight to manufactured DBRs and potential applications, 

including light manipulation for power conversion, heat-management, and colorimetric 

sensing.  

1.4.2 TiOH:PVA Hybrids in DBRs 

As mentioned earlier, the DBR stopband or photonic bandgap intensity increases linearly 

with the dielectric contrast and exponentially with the number of periods composing the 

structure until unitary reflectance.69 Thus strategies to improve refractive index contrast 

include the introduction of inorganic materials into the polymer matrix thus tailoring of the 
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refractive index for the bulk material. Using the TiOH:PVA hybrid investigated in this 

thesis allows for solution processed DBRs with high contrast and tunability. Its high 

refractive index allows for stronger reflections bands compared with that of other polymers 

like polystyrene and poly(methyl methacrylate). Figure 1.18 shows the modeled reflection 

bands for DBRs comprised of bilayers of polystyrene and PMMA compared to that of a 60 

vol% Ti hybrid and PMMA.  

 

Figure 1.18 Commodity Plastic-based DBRs versus Hybrid-based DBRs. (a) Modeled 

transmission spectra of 4, 8, and 16 bilayer PS and PMMA DBRs. (b) Modeled 

transmission spectra of 4, 8, and 16 bilayer hybrid and PMMA DBRs. The hybrid-based 

DBRs can reflected 99% of light with only 16 bilayers while the PS:PMMA system only 

reaches ~70% for the same number of bilayers. Additionally the hybrid based DBRs show 

stopbands twice as wide. 

In addition to the stopband reaching less than 1% transmission in 16 bilayers, the width is 

roughly 100 nm wide compared to the ~50 nm wide stopband of PS and PMMA. For 

several applications, wider stopbands are desirable, however, the advantage of the hybrid 

over any other neat material, is its tunable refractive index. If narrow stopbands are desired, 

the same starting materials can be used with just altering the concentration of titanium in 
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the hybrid. For the remainder of this thesis, DBRs are produced with hybrids as the high 

index layer and PMMA as the low index layer. PMMA is chosen as the low index layer for 

its good thermal stability, insolubility in water, and relatively low cost. 

1.4.3 Solution Processed DBRs 

Solution-processing is generally cheaper than vapor deposition techniques due to lower 

equipment costs and continuous high-throughput potential. When producing DBRs, 

interfacial affects can play a large role in the periodicity of the stopband, thus solution-

processed DBRs call for certain considerations like solubility and repeatability. In regards 

to solubility, as DBRs are comprised of bilayers in a layer-by-layer technique, each layer 

must not be soluble in the next layer’s solvent. This is known as using orthogonal solvents. 

Full dissolution of polymers in solvents can generally take several minutes to hours 

especially at room temperature. However, even just partial dissolution can cause poor 

interfaces between layers so it must be considered.  

The hybrid, owing to its heavily crosslinked network, is insoluble in all solvents, which 

vastly increases the potential workspace. However, when the hybrid is soaked in water, 

some small chemical changes are seen through the removal of chlorine. Even though the 

hybrid with not fully dissolve, using water may alter the hybrid’s optical thickness too 

greatly. For the low index layer, PMMA is chosen because it is insoluble in water. 

Additionally, it is soluble in several organic solvents, including toluene. Toluene is chosen 

as the solvent because of its relatively low vapor pressure compared to acetone, so loss of 

solvent due to evaporation will be limited.  

The next consideration to solution-processed DBRs is the repeatability of layer thicknesses. 

As DBR stopbands have quarter-wave dependence, shifts of 5% in thickness can result in 
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20% shifts in stopband wavelengths. 70 Dip-coating is chosen as the deposition method over 

spin-coating due to its limited edge effects, highly controllable deposition rate, and dual 

layer deposition. Spin-coating can lead to large edge effects during deposition which 

decreases the effective area of the DBR and the layer thickness repeatability is poor.71 The 

dip-coater has a controllable rate with precision reaching 0.01 mm/min, which is highly 

advantageous for repeatability. There is also no significant acceleration during dip-coating 

given the slower rates. Finally, dip-coating submerges the glass slide in the solution, then, 

upon retrieval, produces a layer on each side, which effectively cuts the time in half to 

produce similar structures through blade-coating. However blade-coating has been 

beneficial in large area production of solution processed DBRs.72 

Dip coating is also used widely in industry and capable of depositing excellent quality 

films. However, a main disadvantage is due to the large solution volume needed to 

submerge the substrates, hence the need to low-cost materials like the hybrid and PMMA. 

Figure 1.19 shows a general schematic of dip-coating along with regimes that dictate the 

thickness of the resulting films: capillary, intermediate/viscous, and drainage.  

 

Figure 1.19 Setup and Calibration of Dip-coated Layers. (a) General schematic of how 

a substrate is dipped into solution. (b) General regimes of dip-coating along with their 

relative relations of thickness to speed. (c) Calibration curves for 60 vol% hybrids dip-
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coated at several rates and annealed. Significant densification occurs upon annealed and 

thus must be considered. (Credits for A and B: Ossila73) 

The thickness of the film is directly related to withdrawal speed and the regimes experience 

in the hybrid systems and PMMA are somewhere in the viscous and drainage regimes. This 

regime has a meniscus drawn from the solution, which increases with increasing speed.74 

There are several other factors that affect film thickness like surface tension and viscosity, 

however all other variables are kept constant to eliminate these effects. The resulting 

correlation between thickness and speed is assumed to be a power law. 

The hybrid material contracts upon annealing, thus separate calibration curves are required 

to predict dip-coating speed to reach a particular quarter-wave thickness. Annealing 

hybrids at 50 °C causes about a 10% contraction, and 100 °C annealing contracts the hybrid 

by about 50%. In addition to the physical thickness contraction, the annealing effects on 

refractive index of the hybrid must be considered. The produced calibration curve and 

model fit provides information for dip-coating speeds needs for a variety of DBRs with 

stopbands across a wide range. 

1.4.4 DBR Applications 

The tunability of a hybrid-based DBR with regards to the stopband leads to applications 

both during and post-processing of photovoltaics that have a wide spectral absorption. Due 

to the spectral broadness, time-varying incident angle, and directional/diffusive nature of 

solar radiation, various strategies have been developed to enhance the power-conversion 

efficiency of PV cells. Polymer DBRs offer new strategies to improve photon collection in 

both inorganic and organic-based PVs.75 Often one uses inorganic DBRs made of 

alternated layers of MoO3 and LiF fabricated by thermal evaporation that are implemented 
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into bulk-heterojunction photovoltaic cells to achieve semitransparent devices with 

enhanced efficiency, but with new organic photovoltaics reaching higher efficiencies and 

maintaining mechanical robustness, polymers show promise for improving device 

performance. Device architectures include a DBR inserted in the back of the cell to reflect 

transmitted light back into the device allowing such photons a second chance to interact 

with the semiconductor. Enhanced spectral absorption increases the device fill factor, while 

retaining the transparency of the base cell.76,77 The implementation of blade-coated DBR 

from commercial inks as back reflectors in transparent perovskite photovoltaic devices 

provided for instance a significant increase of the short-circuit current with limited effects 

on the open-circuit voltage, thus enhancing the power conversion efficiency of about 

20%.78 DBRs integrated as a scaffold into the active layer of a perovskite photovoltaic 

device have been shown to exhibit high reflectance bands that also direct the non-reflected 

light into the active layer resulting in high photovoltaic conversion.79 

Light and energy management of greenhouses can be improved through implementation of 

semi-transparent organic solar cells. Lighting demands will depend on the crop of interest 

and geographic location. Luckily, there are several absorption bands accessible using 

organic photovoltaics, and lettuce has been shown to grow well under semi-transparent 

solar cells due to its shade-tolerance.80 The active layer of the semi-transparent solar cell 

is thus chosen to utilize the absorption bands not predominantly used by the chlorophyll. 

Ultimately, the active layer is composed of FTAZ:IEICO-4F:PC71BM, which absorbs 

strongly in the 500-600 nm and near-IR range.  

To enhance energy production, the semi-transparent solar cells were paired with back-

reflecting DBRs that manage light in the visible and near-IR spectra in the ranges not 
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efficiently used by the plants. Both of these DBRs are shown in Figure 1.20 and comprised 

of 60 vol% Ti hybrids annealed at 150 °C paired with PMMA with 8.5 bilayers deposited 

on both sides of the glass substrate.  

 

Figure 1.20 Visible and Near-IR Hybrid-based DBRs. Visible and near-IR transmission 

spectra of 8.5 bilayer DBRs fabricated with titanium oxide hydrate:poly(vinyl alcohol) 

hybrid and PMMA, glass baseline reference is also shown (black line). (a) DBR-A has a 

stopband centered at 560 nm with 87% rejection of light in good agreement with TMM 

calculations (dotted line). (b) DBR-B has a stopband centered at 745 nm with 81% rejection 

of light which is somewhat lower than the TMM model predicts (dotted line). 

Both DBR-A and DBR-B are modeled using the home-built TMM code with the hybrid 

having a refractive index n = 1.75 + 0.029/λ2
 and the PMMA refractive index is n = 1.48 + 

0.005/λ2. The model spectra found a best fit for hybrid thickness to be 63 nm and 98 nm 

for DBR-A and DBR-B, respectively. The PMMA thickness is 113 nm and 132 nm for 

DBR-A and DBR-B, respectively. Relatively good agreement between the transmission 

spectra and modeled fit is found for each DBR. Deviations from the model to the actual 

spectra can be caused by scattering instances like air bubbles during deposition. Small 

scattering points will decrease the stopband intensity and flatten the strong periodic 

oscillations outside of the stopband. Additionally, layer thicknesses are likely to vary 
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slightly which will also interrupt the phase coherence slightly, however this is limited. 

Layer interfaces and surface roughness can also play a role but are not expected in this case 

due to near perfect interfaces capable with the hybrid.28,33 

 

Figure 1.21 Back-reflecting DBRs for Semi-transparent Solar Cells. (a) General 

schematic of the semi-transparent solar cell with back-reflecting DBR. Light is assumed to 

enter from top-side. (b) Transmission curves of semi-transparent solar cell on its own and 

with DBR-A and DBR-B. Chlorophyll a absorption bands in inset. (c) Current density vs 

voltage curves of the semi-transparent solar cell on its own, and with DBR-A and DBR-B. 

External quantum efficiencies of solar cell with DBR-A and DBR-B in inset.   

The general schematic for a back-reflecting DBR for a semi-transparent solar cell is shown 

in Figure 1.21 which also shows the transmission curves of the whole system. With 

addition of the DBRs, the area of the stopband is reduced to less than 5% transmission. 

Figure 1.21 also shows how the DBR’s do not significantly affect the strong chlorophyll 

absorption bands at ~410 and 650 nm. The addition of the DBRs increases the reflection 

to the active layer leading to a 5 and 6% increase in the short-circuit current density with 

DBR-A and DBR-B, respectively. There is also a significant increase in the external 

quantum efficiency in the stopbands for each DBR. The semi-transparent solar cell has a 

power conversion efficiency of 4.9%, and addition of the DBRs leads to an increase to 

5.16% and 5.19% for DBR-A and DBR-B, respectively. Each DBR shows a system 

improvement of over 5%. These semi-transparent cells have lower efficiencies than their 
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opaque counterparts however when considered in the greenhouse, the plant growth in this 

system is shown to not be significantly affected by the filters making them more versatile 

than the opaque options.81 

In addition to back-reflecting visible light, DBRs can be used to manipulate the near-IR 

light to photonically cool PV cells. Crystalline silicon PV modules increase in temperature 

by 20-30 °C during operation in sunny conditions,82 and the module loses efficiency at a 

rate of 0.4 %/°C due to a decrease in open-circuit voltage.83 The heat is produced by 

thermalization of carriers to the band edge, carrier recombination, ohmic loss, and parasitic 

sub-bandgap absorption.83 Several methods to improve device efficiency have been 

implemented including heat pipe passive cooling, active cooling by water flow, and liquid 

immersion techniques.84 Passive and active cooling techniques are limited due to heat 

transfer areas and the requirement for large power generation modules, respectively.84 

Since heat is largely a direct consequence of near-infrared (NIR) and infrared radiation 

(IR) incident on the cells, an alternative approach is the deployment of highly reflective 

coatings for the NIR/IR range of solar radiation. A DBR in the near-IR is calculated to 

decrease the temperature of a silicon-based solar panel by over 5.7 °C.85 This photonic 

cooler can also be used in a concentrated photovoltaic system to significantly reduce the 

solar cell temperature or required cooling power. 

In the case of greenhouses, a near-IR DBR can help manage the energy demand from 

temperature regulation. As the near-IR wavelengths account for ~50% of the total solar 

energy (Fig 1.23), a DBR reflecting a significant portion of this range can affect the thermal 

load. A modeled DBR spectra using the same vol% Ti hybrid and PMMA layers is 

designed to reject the range of 800 nm to 1600 nm. This near-IR DBR reduces the number 
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of hours in a year that the temperature in the greenhouse cannot be maintained below the 

setpoint of 82 °C to grow tomatoes from 280 h to 82 h. This also improves the power 

generation of the greenhouse by 10%.81 

Thermal energy management via DBRs is a highly sought after passive cooling technique 

for buildings as well. These are DBRs that selectively reflect thermalizing near-IR light 

and dangerous UV-light while maintaining visible transparency (Figure 1.22). These so-

called ‘heat mirrors’ have already been realized commercially but require thousands of 

coextruded layers. Hybrid-based DBRs have the potential to reduce the overall number of 

layers to below 100. The drastic decrease in the number of layers, while maintaining the 

same near-IR rejection, leads to an overall thinner DBR which means fewer starting 

materials and lower weight and potentially lower production cost.  

 

Figure 1.22 Heat Mirror Schematic for Passive Cooling DBRs can be designed to 

reflected near-IR radiation from the sun as well as UV-irradiation while maintaining visible 

transparency, thus reducing energy costs to cool via air-conditioning. 
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Traditional periodic structures of the DBR do not create a significant enough stopband 

width in the near-IR range. Instead of trying to increase the refractive index contrast of the 

bilayers, the stopband width can be increased by designing a ‘chirped’ DBR. A chirped 

DBR has an optical thickness that changes in a gradient-like manner throughout the stack 

which causes a wide stopband across the quarter-wavelengths covered. Thus a semi-infinite 

stopband can be generated with any pair of non-absorbing polymers. Chirped structures, or 

even ‘chaotic stacks’ – photonic structure of random optical thickness – are seen in nature, 

most notably in the beetles. The beetle’s cuticle possesses this chirped structure resulting 

in a stopband ranging from 500 nm to 800 nm and appearing gold.67 

 

Figure 1.23 Modeling heat-mirrors for maximum near-IR rejection (a) Solar energy 

distribution across UV, visible, and near-IR wavelengths and black-body radiation from 20 

to 100 °C irradiators. Heat-mirrors are more apt at rejecting near-IR light from solar 

irradiation and not the mid-IR irradiation from room-temperature objects. (b) Modeled 

chirped DBR from 100 bilayers of 60 vol% Ti hybrid and PMMA to reject 99% of near-IR 

light from 800-1100 nm. Inset shows chirped DBR schematic. 

A schematic of the chirped DBR is shown in the inset of Figure 1.23b. The gradient can be 

linear, but also could be designed to increase with the change in refractive index at any 
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given wavelength which would be the most efficient reflectors. Chirped DBRs, given their 

range of thicknesses, are not any more difficult to solution-process than the periodic 

structures as dip-coating speeds can easily be varied between layers. Additionally, defects 

in thicknesses will not affect the overall stopband as significantly. A 100 bilayer chirped 

modeled DBR transmission spectra is modeled in Figure 1.23b with 60 vol% Ti hybrids 

annealed at 150 °C and PMMA. Over 99% rejection of the 800-1100 nm range is rejected, 

along with the range below 400 nm. This additional reflection in the UV-range is due to 

the wavelengths being a multiple or factor of the quarter-wave thickness. This occurs in 

any DBR structure and is unavoidable but can be advantageously utilized in heat mirrors. 

For example, a stopband at 800 nm will also occur at 200 nm and 3200 nm provided there 

is no refractive index dispersion of the refractive index as dispersions will cause these to 

shift.  

The chirped DBR shows no significant visible light reflections, thus will appear transparent 

to the eye. The DBR stopband could be shifted to lower wavelength to cover the 700-800 

nm range, however the stopband is dependent on incident angle. A higher incident angle 

from normal will blue shift the stopband, therefore, when considering heat mirrors, the 

stopband should not significantly shift into the visible range. In general, a 100 nm blue 

shift is seen in these hybrid-based DBRs. Given the sun’s varying angle with respect to 

time of day, it makes the most sense to design the mirror to account for this, hence the 

stopband starting at 800 nm. 

To assess the potential for DBRs as energy saving heat mirrors, values that calculate the 

solar and visible spectral responses of a window equipped with such a DBR. These spectral 
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responses (Eq. 1.24-1.26) are input into an energy consumption software like Energy 

PlusTM. With known window spectral data, the following values can be calculated86: 

 𝑃𝑠 =
∫𝑃(𝜆)𝐸𝑠(𝜆)𝑑𝜆

∫𝐸𝑠(𝜆)𝑑𝜆
 (1.24) 

 𝑃𝑣 =
∫𝑃(𝜆)𝐸𝑠(𝜆)𝑉(𝜆)𝑑𝜆

∫𝐸𝑠(𝜆)𝑉(𝜆)𝑑𝜆
 (1.25) 

 𝑃ℎ𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 = 2∫ 𝑃(𝛷) 𝑐𝑜𝑠(𝛷) 𝑠𝑖𝑛(𝛷)𝑑𝛷

𝜋
2⁄

0

 (1.26) 

Where P(λ) is the heat mirror and window’s coupled wavelength dependent spectral 

response, Es is the solar spectral irradiance function, V is the photopic response function of 

the eye, Φ is the incidence angle of the light, Ps is the solar spectral value for transmission 

and reflection, Pv is the visible spectral value for transmission and reflection, and 

Phemispherical is the angle dependent value for transmission and reflection. The preceding 

values are all calculated for a heat mirror placed upon a 9750 6 mm EnergyTech 

SuperGreen Window which has a response shown in Figure 1.24, which also shows the 

transmission and reflection responses of this window with and without a 100.5 bilayer 

chirped DBR. The DBR uses a 60 vol% Ti, 150 °C annealed hybrid and PMMA.  
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Figure 1.24 Spectral Transmission and Reflection of DBR-coated windows. (a) 

Transmission curves of EnergyTech SuperGreen window with and without DBR coating. 

(b) Reflection curves of EnergyTech Supergreen window with and without DBR coating. 

(c) Spectral values for DBR coated window as a function of bilayers in DBR. Solar 

reflection value levels off after 50 bilayers. 

The window has a unique transmission and reflection spectra, which is unlike glass 

substrates used earlier. There is only a peak transmission of ~65% in the visible range, 

however, the curvature matches the eye’s photopic response well so the window appears 

as slightly tinted and not colored. Additionally it has a large reflection band in the mid-IR 

range from 1500-2500 nm due to a low-emissivity coating, which is advantageous as the 

DBRs cannot reflect this range without affect the visible range as well. A 100.5 bilayer 

film shows a complete stopband in the transmission with less than 1% transmission across 

800-1100 nm. There is also a small decrease in the transmission in the visible range, 

however without a significant wavelength dependence to this drop, not structural color is 

expected. The reflection of the DBR-paired window shows the greatly increased near-IR 

reflection compared to the window alone.  

Calculations of all the spectral responses (Eq 1.24-1.26) as functions of the number of 

bilayers in the DBR provide insight to design principles. For the solar transmission, visible 

transmission, and visible reflection there is no dependence of the number of bilayers of the 
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DBR. However, the solar reflection value changes significantly from 0.15 to 0.45. 

Additionally, the dependence of the number of bilayers shows that around 50 bilayers, 

there is a diminishing return to the improved solar reflection beyond this point. This is due 

to the dependence of the reflection value of a DBR seen in Eq 1.22. For process design, 

this dependence is highly useful to create the best performing mirror with the fewest 

number of layers. However, this solar spectral reflection value is only a single value over 

a large wavelength range, so the actual heat rejection may be underestimated. The 

hemispherical values are relatively unaffected with addition of a heat mirror, which speaks 

to the limited dependence of the stopband as functions of incidence angles for chirped 

DBRs. Additionally, window area to building area will greatly affect the passive cooling 

capabilities but these calculations are outside of the scope of this thesis. A home-built 

MATLAB code will quickly calculate these spectral values for any custom heat mirror 

design for any future work.  

Modeling DBRs can assist in energy calculations for buildings, however actual production 

of these DBRs are limited. As a proof of concept as the hybrid two sets of heat mirrors are 

produced and their spectra shown in Figure 1.25. 
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Figure 1.25 Produced Heat Mirrors (a) 8.5 bilayer chirped DBR annealed at 50 and 100 

°C (b) 16.5 bilayer chirped DBR annealed at 50 and 100 °C. Each DBR exhibits a wide 

stopband due to its chirped design, and the increase in stopband strength and blue shift with 

annealing highlights the densification and refractive index increase of the hybrid. 

For both the 8.5 bilayer and 16.5 bilayer DBRs show transmission stopbands with less than 

30% transmission. Annealing the hybrids leads to the contraction of the layers, thus shifting 

the DBR stopband to lower wavelengths which is why the 100 °C annealed hybrids have 

blue-shifted spectra. The annealing also increases the refractive index of the hybrid without 

affecting the PMMA which increases the contrast between the two, leading to deeper 

stopbands. Worth noting is the transmission outside of the stopband range, which the 100 

°C annealed hybrid has a lower baseline than the 50 °C. This is likely due to interfacial 

issues due to different thermal expansions of the PMMA and hybrid, especially since the 

glass transition of PMMA is around 120 °C. Slower ramp up speeds for annealing can help 

limit the cracking, and annealing between each layer may limit the effects. Ultimately, the 

hybrid produces a strong DBR stopband for chirped mirrors with only 33 total layers.  
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In addition to static light reflection, dynamic applications of polymer-based DBRs are 

growing exponentially and have shown great potential.87 Sensing requires specificity, 

sensitivity, reversibility, and rapid responses which is achievable with polymer DBRs 

because an optical parameter change in the layers occurs when the polymer is exposed to 

the stimuli, thus resulting in a stopband shift. Because of the quarter-wavelength 

dependence of the stopband, shifts in optical thickness cause a quadrupling of that 

response. Thus, small changes in the layers, will cause large shifts for the DBR. 

Colorimetric vapor sensors are widely studied because the swelling of a polymer increases 

the physical thickness and the swollen polymer depends on the refractive index of the 

solvent and the relative selectivity of the solvent for each type of layer.88–90 Relative 

humidity (RH) sensing schemes are mostly based on intrinsic swelling behavior of 

hydrogel-forming polymers. Polyacrylamide (PAAm) and poly(2-hydroxyethyl 

methacrylate) (PHEMA), have been introduced into DBRs and their RH-responsive 

behaviors have been studied because of their hygroscopic behavior.91–93 Other potential 

sensors include thermochromic sensing, where the DBR stopband shifts due to a change in 

temperature. Thermal annealing of many polymeric thin films leads to densification, thus 

the optical thickness typically blue-shifts. A hybrid material comprised of titanium oxide 

hydrates and poly(vinyl alcohol) shows a stopband shift of over 100 nm when annealed to 

130 °C.28 These densification processes can be non-reversible, thus limiting the lifetime or 

potential applications. 

Given the high hydroxyl group density of the hybrid, there is a high affinity to water, as 

evidence by the contact angle measurements, and thus swelling of the hybrid can be 

dependent on the humidity of the system. This opens the potential for humidity sensors 
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using hybrid-based DBRs, and extension of this to the near-IR range to create a reversible 

heat mirror.  Global efforts to mitigate climate change has motivated an increase in research 

aimed at reducing energy consumed by central air units used for spaces cooling as the 

Energy Information Agency projects the energy needed for cooling is pacing to become 

the largest new contributor to the production of greenhouse gases by the year 2050.94 The 

installation of improved thermal insulation materials has been shown to reduce the energy 

consumed by an average American residential building spaces by 41%.95 Among these 

technologies’ the installation of low emission (low-e) windows account for a reducing the 

heat transferred into a building envelop by 70%.96 Low-E windows are not commonly used 

in developing nations due to their relativity high cost which stem from the processing and 

use of precious metals or metal oxides.97 Additionally, to fabricate these low-E windows, 

oftentimes inorganic thin film devices are physically vapor deposited. Therefore, existing 

and highly transmissive clear glass windows cannot be modified to become Low-E 

windows with reduced radiative thermal conductance. The solution-processed hybrid-

based DBRs can be deployed with a dynamically responsive photonic properties.98 

To quantify the DBRs dynamic response to water vapor, as cast and thermally treated 

hybrids film were exposed to 95% relative humidity at 22oC in a humidity chamber. Figure 

1.26 shows representative effects of humidity exposure on the thickness and the refractive 

index of as cast hybrid films fabricated with 30 vol% Ti as a function of exposure time. 

Notably, the film thicknesses increase is sigmoidal with respect to time, which is not 

consistent with Fickian-like diffusion kinetics (𝑡
1

2 dependency).99,100 This indicates that the 

H2O vapor incorporation could be a convolution of both diffusion and reaction kinetics.101 

This is consistent with the affects seen in the thermal stability of the hybrid after water 
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washing. In contrast the refractive index of the film experiences an immediate and sharp 

decline during initial exposure to the humified environment.  After this time, the refractive 

index is observed to gradually increase. The immediate decline in the refractive index and 

gradual increase in thickness agrees with literature findings on hysteresis effects 

characteristic of polymer gel systems.102  

 

Figure 1.26 Humidity Responses of DBRs. In-situ reflectance UV-Vis-NIR spectroscopy 

of 16.5 bilayer DBR as a function of humidity cycling. Film characteristics while in the 

dry conditions at 65% relative humidity are denoted by the red line. Film characteristics 

while in the humidified state at 95% relative humidity are denoted by the purple line. 

The swelling phenomena in sinlge hybrid layers is believed to follow the thermodynamic 

principles of polymer swelling first presented through the Flory-Rehner polymer swelling 

theory. In detail water entering the structure has to provide enough energy to overcome 

configurational entropic forces that cause the polymer to coil. Once the driving force that 

promotes mixing between the solvent and polymer matrix exceeds this configurational free 

energy associated with elastic deformation the film begins to swell. The rate of swelling 

increases until the free energy associated with the elongated confirmation for the polymer 

equilibrates with the free energy of mixing.103,104 This trend confirms that the effective 



 Chapter 1. Hybrid Materials in Optics and Photonics 
 

60 
 

refractive index decreases upon the onset of humidification as low index water molecules 

immediately enter into the polymer hybrid matrix. Afterwards, chemical and/or density 

changes to the structure occur and mitigate additional decreases in the refractive index 

despite continued thickness increases.105 Polymer swelling characteristics are theorized to 

depend on the crosslinking density of the hybrid. As the concentration of the titanium is 

increased, the swelling response in the presence of water vapor decreases. Understanding 

the precise physical and chemical mechanisms in each regime is an area of future 

investigation, however, this characteristic was exploited to investigate the dynamic 

behaviour of polymeric DBRs fabricated with hybrid films at specified concentrations of 

the hybrid material.  

The peak reflection values corresponding to low and high RH condition also were shown 

to cycle between their original values of 96% and 53% respectively. The switching 

capabilities of the DBR structure lasted for 15 humidity cycles before the reflective 

properties became fixed. It is hypothesized that the free bonds believed to be present on 

the titanium species is capable of interacting with itself and other available bonding sites 

on the PVA. Further investigation of the crosslinking nature of this hybrid is critical to 

fully characterise and control the dynamic behaviour of polymeric DBRs for use as 

radiative shields and thermal switches. 

1.5 Future Work and Conclusions 

1.5.1 Titanium Oxide Hydrate:Polyalcohol Solutions 

In addition to the solid-state with PVA, titanium oxide hydrates have been shown to be 

stabilized by small molecules in the liquid state.27 This stability is attributed to the small 

molecule like glycerol having a high density of hydroxyl groups. Additionally, the titanium 
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species can be photoreduced and stabilized with these polyalcohols. Thus there is potential 

for energy storage applications including Photosynthetic Rechargeable Batteries (PSRB). 

A schematic of the PSRB set-up under flowing conditions is shown in Figure 1.27 in which 

an organic fuel is burnt using an illuminated TiIV oxide hydrate as an oxidizing agent in an 

endergonic photosynthetic reaction, the resultant stable TiIII intermediate is stored and then 

discharged to generate electricity on demand.   

 

Figure 1.27 PSRB Schematic for Energy Storage and Production using titanium oxide 

hydrates 

The PSRB concept is possible using a number of polyalcohols, but only glycerol and 

ethylene glycol have been investigated. In both cases, the titanium can be photoreduced 

upon UV-irradiation, as evidenced by solutions turning from transparent to colored. The 

polyalcohol is not expected to oxide or reduce during irradiation as no evidence of new 

bonds are seen in FTIR. Figure 1.28 shows the responses of both the glycerol-based and 

ethylene glycol-based hybrids.  
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Figure 1.28 Absorption changes upon UV-irradiation of polyalcohol hybrids. (a) 

Glycerol-based titanium oxide hydrate hybrids exposed to UV-light, turning more amber 

in color with increased irradiation time. (b) Ethylene glycol-based titanium oxide hydrate 

hybrids exposed to UV-light, turning more blue in color with increased irradiation time. 

Glycerol-based hybrids have stronger absorption intensities for the same amount of 

irradiation time potentially due to the hydroxyl group density.  

The hybrid solution, in the absence of oxygen, develops an amber color in glycerol and 

blue color in ethylene glycol potentially due to mononuclear and polynuclear species, 

respectively. The glycerol-based hybrid has a much higher absorption intensity for the 

same amount of irradiation time compared to the ethylene-glycol hybrid. This could be 

attributed to the glycerol having a higher stability of reduced titanium due to its hydroxyl 

group density. FTIR results in Figure 1.29 also show the same trend, with glycerol hybrids 

produced more water as an oxidation product during irradiation evidenced by the drop in 

transmission around 3700 cm-1. 
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Figure 1.29 FTIR changes upon UV-irradiation of polyalcohol hybrids. (a) Glycerol-

based titanium oxide hydrate hybrids exposed to UV-light, producing water as an oxidation 

product evidence by drop in transmission around 3700 cm-1. (b) Ethylene glycol-based 

titanium oxide hydrate hybrids exposed to UV-light, producing water as an oxidation 

product evidence by drop in transmission around 3700 cm-1. FTIR shows no redox 

reactions of the organic molecules. 

The glycerol hybrid also shows more water production than the ethylene glycol which 

aligns with the higher absorption intensity. The glycerol is likely a better stabilizer of the 

reduced titanium and the proposed interactions are shown in Figure 1.30.   

 

Figure 1.30 Proposed Intermolecular Interactions of Polyalcohol hybrids. (a) 5-

membered ring stabilized structure. (b) 6-membered ring stabilized structure. 
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As the 6-membered ring is evident in PVA-based hybrids, it is reasonable to believe the 

titanium is better stabilized by this instead of a 5-membered ring that ethylene glycol must 

form. The increased stability of the 6-member ring also aligns with the increased 

production of water in FTIR. Further investigations into the photoreduction of titanium 

species and stored voltages of the hybrids are required for the PSRB, as concentrations and 

pH are likely to play a role. 

1.5.2 Future Work: New Hybrid Formulations and Processing 

With the knowledge of the interactions between the titanium oxide hydrate and PVA, new 

hybrid chemistries can be explored. Focus can be first set on the exploration of other 

titanium oxide hydrates that do not come from titanium tetrachloride, as to avoid the highly 

toxic hydrolysis due to the release of HCl vapor. pH still plays a large role in the 

interactions, so a low pH will still need to be reached, however, addition of other acids like 

acetic acid may be explored. Even if HCl is still required, removal of the titanium 

tetrachloride hydrolysis still removes the HCl vapor from the process. In addition to other 

titanium precursors, other metal oxide hydrates can be investigated. Metals like zirconium 

and hafnium have a similar valence shell configuration so the chemical behavior can be 

expected to be similar to titanium.  

Other than exploration into new metal oxide hydrates, the processing of the hybrids can be 

investigated. Even though solution processing is scalable and promising in semiconductor 

and photonics devices, melt processing is highly advantageous in production of large 

optical fibers. A melt-processed high refractive index hybrid would have several 

applications in fiber optics and waveguides. In order to achieve melt-processed hybrid, 

considerations into the toxicity of the titanium oxide hydrate is necessary, therefore, the 
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titanium tetrachloride precursor likely should be avoided. There are several other 

candidates like titanium alkoxides which have organic degradation products like 

isopropoxide. Water based titanium oxide precursors like titanium bis(ammonium 

lactato)dihydroxide are soluble in water and can lead to more ‘green’ options. Additionally, 

PVA degrades easily beyond its melting temperature so it is not easily melt-processed 

without the addition of plasticizers. In this case, glycerol make be a great candidate as it 

can interact with PVA and titanium oxide hydrate which will create a more homogenous 

film. PVA can also be copolymerized with polyethylene, creating EVAL, a common barrier 

material in packaging. The copolymer will have a lower melting temperature than neat 

PVA and thus could be melt processed below degradation temperatures. The copolymer 

can phase separate due to the large differences in polarity between the two monomers, 

however, the crosslinking may limit this. Expansions to new polymers can include 

poly(acrylic acid) or poly(styrene sulfonic acid), and copolymers of varying hydrogen 

bonding densities. 

1.5.3 Conclusions 

This thesis has discussed the development of a high refractive index, solution-processable 

hybrid material. This is achieved through a pseudo-one-pot synthesis of hydrolyzed 

titanium tetrachloride and PVA. The hybrid material is shown to have a tunable refractive 

index between ~1.5 and ~2.1 with low optical loss in the near-IR and visible wavelengths. 

Without evidence of optical scattering, investigations into the interactions between the 

titanium oxide hydrate and PVA took place. Thermal and x-ray spectroscopy 

measurements indicate that the titanium oxide hydrates form a bidentate-like covalently 
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crosslinked PVA network. This chemical crosslinking is the reason for the absence of 

diffuse scattering points as it limits growth of inorganic particles.  

The solution processed hybrid is a great candidate for photonic applications, in particular, 

distributed Bragg reflectors. The high refractive index of the hybrid allows a larger 

refractive index contrast between layers of the DBR. When a 60 vol% Ti hybrid is paired 

with PMMA in DBRs, high strong reflection bands are achieved in only 16 total bilayers. 

These strongly reflecting and tunable DBRs are paired with semi-transparent solar cells to 

improve power conversion efficiencies. The selectively reflecting DBRs and semi-

transparent solar cells allow for transparency to chlorophyll absorption bands critical to 

plant growth, thus show great promise in greenhouse applications. In addition to visible 

light reflection, near-IR light which is responsible for heat generation can be reflected using 

hybrid-based DBRs. This can lead to passive cooling in buildings, with hybrid-based DBRs 

using only a fraction of layers and materials as current commercial options. We also 

measured the thermal conductivity of the DBR stack that has a reversible stopband. The 

reversible stopband is advantageous in building energy management, as the near-IR light 

transmission can be easily tuned with humidity changes. The hybrids are able to quickly 

well under high humidity conditions and thus break the coherence of the multilayer stack. 

The reversible stopbands of the hybrids and its sensitivity to humidity can be further 

explored in the Stingelin lab as humidity sensors. The hybrid material discuss is highly 

versatile and has several applications in optics and photonics. Additionally, the knowledge 

gained through the physical and chemical investigations has created a platform to predict 

new inorganic components which may have different electrical or magnetic properties.  
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2 Fast Scanning Calorimetry 

2.1 Introduction 

Differential scanning calorimetry (DSC) is an effective tool in polymer characterization 

and is used to measure phase transitions through changes in heat capacity or latent heat. 

Generally, melting of polymer crystals occurs with a relatively large latent heat which is 

easily detectable in conventional DSC. However, in semi-crystalline polymers and 

polymers that can exhibit multiple partially ordered phases like liquid crystals, the 

associated heat capacity changes and latent heats become smaller.106 The output from DSC 

is generally a heat flow that is a product of the material’s mass, heat capacity, and 

temperature scanning rate. Since, heat flow is directly proportional to the scanning rate, a 

larger signal can be obtained by scanning faster.107 Most conventional DSCs can access 

rates up to a few hundred degrees Celsius per minute. However, this is still well below the 

time scale that commodity polymers like polyethylene and polyamide require to achieve a 

fully amorphous material.108,109 Additionally, in conjugated polymers, the step-change in 

heat capacity is greatly reduced with increased backbone rigidity and bulky side-chains due 

to an increased glassy-state entropy.110 This need for faster scanning rates and resolution 

has led to ultrafast chip calorimeters capable of exceeding 103 °C/s heating rates. First 

custom-made chip calorimeters were developed111,112 and eventually the first commercial 

chip calorimeter, Mettler Toledo Flash DSC 1, was produced in 2010. 
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Figure 2.1 Mettler Toledo Flash DSC 1  (a) Mettler Toledo Flash DSC 1 Apparatus (b) 

UFS 1 Chip Sensor (c) Polarized Microscope Image of Sample Sensor with typical sample 

The Flash DSC 1 is capable of heating from 1 to 40,000 °C/s between -100 °C and 450 °C 

which covers 5 frequency magnitudes and temperatures which cover nearly all major phase 

transitions of polymers. The small sample size, generally between 10 ng and 10 μg, limits 

thermal lag within the sample. Additionally, with such a small sample size, it is possible to 

measure thin films of polymers, thus preserving the same microstructure producing upon 

processing, instead of using a drop-casting method that has slightly different drying 

conditions compared to spin- or bar-coated films. The following chapter will discuss how 

the Flash DSC, and fast scanning calorimetry in general, can contribute to the structure-

property interrelations of semiconducting polymers.  

2.2 Glass Transitions and Physical Aging 

Even with the high resolution of fast scanning calorimetry, identification of the glass 

transition can still be difficult, therefore different methodology is required. Instead of 

identifying the glass transition as a step-change in heat capacity, we can identify its 

properties as a metastable state. The glass transition occurs during cooling, as volume and 

molecular mobility decrease in the system, it reaches a point where equilibrium can no 

longer be achieved in the time scale of the experiment.113 This frozen-in structure is the 
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glassy state and the temperature at which it occurs is the glass transition temperature. The 

glass transition temperature is also cooling rate dependent, with fast cooler rates leading to 

larger glass transition temperatures.114 However, if extrapolated, then an ‘infinitely slow’ 

cooling rate could lead to an entropy of the glass being lower than that of the crystal and is 

known as the Kauzmann Paradox.115 To combat this, Gibbs and DiMarzio showed that 

there is an underlying second-order thermodynamic transition to the glass transition and 

their reported ideal glass transition temperature is often similar to the Kauzmann 

temperature.116 Pyda and Wunderlich showed that the Kauzmann paradox can be solved as 

reduction of the liquid entropy with decreasing temperature and that the external 

contribution of the equilibrium liquid leads to a positive residual entropy for amorphous 

polyethylene.117  

In addition to the cooling rate dependence, the glassy state is also a non-equilibrium state. 

In the glassy state a material will slowly densify and become stiffer and more brittle. This 

process is known as physical aging.118 There is also an associated decrease in volume and 

enthalpy through small conformation movements toward an equilibrium, and this process 

is known at structural recovery.119 For the purpose of this thesis, physical aging and 

structural recovery will be regarded to as the same process. This physical aging and 

structural recovery lead to an enthalpic overshoot at the glass transition temperature upon 

heating in calorimetry.  This enthalpic overshoot, also known as enthalpic recovery, only 

occurs when the material is held at a temperature in its glassy state and can be described 

by in Equation (2.1)120: 

 ∆𝐻(𝑇𝑎, 𝑡𝑎) = ∫ (𝐶𝑃
𝑎𝑔𝑒𝑑(𝑇) − 𝐶𝑃

𝑟𝑒𝑓(𝑇))
𝑇≫𝑇𝑔

𝑇≪𝑇𝑔
𝑑𝑇 (2.1) 
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Where ΔH is the recovery enthalpy, CP is the heat capacity of the aged and reference 

samples, and the integral is taken from well below the glass transition temperature, Tg, to 

well above the glass transition.  

The Flash DSC is especially suited for measure recovered enthalpy because of its high 

resolution and fast scanning rate. The high resolution is advantageous because recovered 

enthalpy is sometimes a weak signal compared to the rest of the curve. Since the amount 

of recovered enthalpy is dependent on the time spent below the glass transition 

temperature, it’s important to spend as little time possible which is accomplishable with 

the Flash DSC. Figure 2.2 describes the procedure performed to scan for physical aging 

signatures using the Flash DSC. 

 

Figure 2.2 Physical Aging (a) Representation of the reduction in enthalpy or volume 

during structural recovery as the material relaxes towards the equilibrium glass state (b) 

This physical aging method creates an “Aged” heating curve and “Reference” heating 

curve with different thermal histories. This difference is these two curves is analyzed for 

structural recovery effects. 

Both the aging temperature (Ta) and aging time (ta) are varied depending on the particular 

sample. TH and TL are the high and low temperatures, respectively, that the sample is cycled 
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to. TH must be sufficiently high enough remove any previous thermal history, which is 

generally above the isotropic melting point. TL needs to be arbitrarily low enough such that 

a good baseline is achievable prior to the enthalpic recovery signatures. Even though the 

cooling steps are fast (>1000 °C/s), aging will still occur during this process. The cooling 

steps occur on the time scale of ~1 ms so the intended aging steps should be much larger 

and generally done for 1800 seconds (30 minutes).  

Unless otherwise stated, the Flash DSC data in this chapter will be the resulting curves 

from this method. All heating and cooling is performed at 4000 °C/s and isotherms for 

physical aging will be held for 30 minutes. There is also a 1 second isotherm held at -90 

°C after each cooling step to -90 °C which is there to allow the system to quickly equilibrate 

before heating. This improves the baseline on heating at the low temperature range and is 

expected to have negligible effects on the aged and reference curves. The full physical 

aging scanning process will use the same length of isotherms, with temperatures that 

changes in increments of 5 °C.  

All of the following measurements in this chapter were performed on a Mettler Toledo 

Flash DSC 1 equipped with a Huber TC100 cooler to control the temperature between -90 

°C and +450 °C and with a nitrogen flow over the sample at 40 mL/min and 25 psi. 

Deposition of the samples are performed through direct deposition of a powder or flake 

onto the chip or through spin-coating onto the back of the sample sensor. Direct deposition 

is performed by placing the powder or scraped-up film onto the sensor with the bristle of a 

paintbrush. A silicone oil was sometimes used to help improve thermal contact with the 

sensor and the oil generally has no significant thermographic features. Spin-coated samples 

are deposited onto the backside of the sample sensor, with a glucose mask covering the 
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reference sensor to be washed off with water following deposition. This procedure is 

described in Fast Scanning Calorimetry.120 

2.3 Semiconductors and their Side-Chains 

Organic (polymeric) semiconductors have a number of advantages compared to their 

inorganic counterparts including being lightweight and low-temperature and solution 

processable. Applications include, among others, organic photovoltaics (OPVs), organic 

field-effect transistors (OFETs), and organic electrochemical transistors (OECTs).  

 

Figure 2.3 Multi-level mictrostructural features of Conjugated Polymers. Several 

length scales from molecular packing to interchain interactions to crystalline 

microstructure and phase morphology.121 Side-chain chemistry and structure can affect the 

interchain interactions like lamellar stacking (A), π-π stacking (B) and torsional disorder 

(C). (Credits for A-C: Matt Dyson) 

Each device requires slightly different design and operation principles which means 

variations among the chemical structures. Thus structure-property interrelations will vary 

slightly among the devices discussed, however, a major thermal property that dictates many 

processes and properties is the glass transition temperature. The glass transition 

temperature of polymers is dependent, among other factors discussed earlier, on the 

chemical structure. Conjugated polymers consist generally of two parts: a conductive π-



 Chapter 2. Fast Scanning Calorimetry 
 

73 
 

conjugated backbone, and solubilizing side-chains. The focus of this chapter is on the 

solubilizing side-chains in conjugated polymers which are required for solution processing. 

122 As these side-chains are necessary for processing, there is a great deal of work on the 

affects that different side-chains have on OSCs. This realm is known as side-chain 

engineering and can include tuning for high conductivities123, doping mechanisms and 

kinetics124, and even allowing for solubility in more green-friendly solvents.125 However, 

the effects side-chains and glass transition temperatures as well as side-chain ordering is 

often overlooked, generally due to the difficulty of the measurement. The following 

sections will discuss how side-chains affect the glass transition temperature and other local 

ordering which affects thermal, mechanical, and optoelectronic properties. All relevant 

chemical structures, if not shown directly in the section, can be found in Appendix A.  

2.3.1 OPV Materials 

Organic photovoltaics (OPVs) have progressed rapidly in recent years with devices that 

surpassed 17% power conversion efficiency.126,127 The general design for the OPV active 

layers rely on bulk heterojunction architectures consisting of an electron-donating and 

electron-accepting component. The interactions between these two components is complex 

with phase mixing and separation both possible in a device and optoelectronic processes 

are heavily dependent on this morphology.128–130  
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Figure 2.4 Bulk Heterojunction Architecture Schematic. Intermixing of the donor 

material (polymer) and acceptor material (fullerene, NFA) allows for efficient charge 

generation, separation, and transfer to respective electrodes.131 

The two molecules are compatibilized in solution and generally kinetically trapped during 

processing due to fast solvent evaporation, however, the rate at which the molecules will 

separate is dependent on their mobility and therefore glass transition temperatures.132,133 

Post-process thermal annealing is common in OPVs as it can increase the crystallinity of 

the donor polymer and lead to higher efficiencies.134 Growth of polymer crystals cannot 

occur below the glass transition temperature, and is both temperature and time dependent, 

therefore knowledge of the glass transition temperature is highly advantageous.135 

Additionally, the degree of intermixing of donor and acceptor molecules in the amorphous 

phase can affect the glass transition temperature.136 Thus, to develop structure-property 

interrelations and proper processing conditions for OPVs, knowledge of the glass transition 

temperature is highly advantageous. In addition to device performance, device stability is 

also affected through phase separation and chemical degradation. Several degradation 

pathways exist for OPVs but generally involve light, oxygen, heat or any combination of 

the three. In polymer:fullerene OPV blends, light- and oxygen-induced degradation occurs 

through photo-oxidation of the polymer due to fullerene-mediated superoxide formation.137 

Additional control of the lowest unoccupied molecular orbital (LUMO) to a deeper energy 

level can improve the fullerene stability and reduce superoxide formation and at the same 
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time deepening the polymer highest occupied molecular orbital (HOMO).138 Proper device 

encapsulation to prevent oxygen and moisture from penetrating the active layer can 

improve stability.139 However, heat and light can still affect barrier coated devices and 

cause ‘burn-in’ affects that lead to degradation.140  

Thermal annealing of a bulk heterojunction device near the Tg can lead to vertical phase 

separation and the polymer can form an electron blocking layer at the electron extracting 

electrode.141 Even sub-Tg annealing can lead to local changes in nanostructure and thus 

device performance.142 Other sub-Tg relaxations can be light-induced, also known as 

photoplasticization143, and has shown to cause planarization of conjugated polymer chains 

upon white light exposure and thus an increase photoluminescence.144 There is a need to 

develop polymers with intrinsic stability in ambient and operational conditions, however 

with this, a knowledge base of precise degradation mechanisms that are chemical-structure 

dependent is required.  

Even in inert atmosphere, light-induced dimerization of fullerenes leads to a reduce charge 

carrier mobility and this occurs in an inert atmosphere.145 The degradation pathway under 

light and inert atmosphere for electron donated polymers however remains inconclusive. 

To address the effect of light, in particular UV-light, on conjugated polymers, we looked 

at poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-

benzothiadiazole)] (PCDTBT). PCDTBT-based OPVs have shown efficiencies over 7%146 

and has a relatively high stability in both air and nitrogen.147 The high stability can 

potentially be attributed to its high Tg and therefore limited molecular mobility even in 

operating conditions.148   
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To study the degradation pathways for PCDTBT, it was exposed to UV in inert atmosphere 

and then its physical, optical, and thermal properties were measured. The first step was 

dissolution of the film after UV exposures, and after only 32 hours of exposure, the film 

was no longer soluble in the same solvent as it was processed in. Gel permeation 

chromatography also confirms the reduced solubility as functions of UV-aging. The 

reduced solubility could be due to several factors including oxidation, chain-scission, and 

crosslinking. To address the issue of potential oxidation, absorption measurements on the 

UV-aged films is performed. There is a negligible change in the absorption spectra of 

PCDTBT which indicates that the conjugated backbone remains unchanged.149 The 

stability of the backbone is consistent with other reports, so no photooxidation of the 

backbone is expected.147 However, there is a slight reduction in the photoluminescence of 

the UV-aged PCDTBT which could be due to traps and defects.149 This leaves two 

possibilities for the degradation pathway: side-chain scission or crosslinking.  

In  order  to  gain  further  insights  into  the  origin of the reduced solubility, if not full loss 

of it, we used Flash DSC to measure the glass transition temperature of the neat and UV-

aged PCDTBT. PCDTBT films were spun-cast directly onto the Flash DSC chip and UV-

aged under the same conditions as the other films. UV-aging should not be confused with 

the physical aging of the  material during the calorimetric measurement. 

Figure 2.5 shows the enthalpic overshoots and extrapolated Tg’s for neat PCDTBT, 163 h 

UV-aged, and 531 h UV-aged. The physical aging isotherms are in increments of 10 °C. 

There is the gradual increase in the enthalpic overshoot with increasing aging temperature 

until a point that it starts to decrease as the Tg is approached. Additionally, when aged 

above the glass transition temperature, there is an endotherm occurring around 250 °C. 
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This high-temperature endotherm is indicative of PCDTBT’s liquid-crystalline state.150 

The nematic liquid-crystal phase appears unaffected with UV-aging which is consistent 

with the unaffected backbone measured via absorption. In agreement with GPC and optical 

measurements, we find that the Tg increases from ~151 °C for neat PCDTBT, to 157 °C 

and 163 °C for films irradiated for 163 and 531 h. There is a slight increase in Tg and to 

verify these are not within error and in-fact real differences, we measured the activation 

energies of the glass transitions. Neat and 163 h UV-aged samples have relatively 

comparable glass transition activation energies, while the 531 h UV-aged activation energy 

drastically increases.  A larger energy barrier to cooperative motion is needed to overcome 

the transition from the solid to liquid state which is expected for a more heavily crosslinked 

system.151,152 This thermal data along with optical data suggest that photodegradation of 

PCDTBT occurs through crosslinking of the side-chains. The side-chain are the suspected 

crosslinkers instead of the backbone because there is no evidence of backbone degradation. 

Additionally, chain-scission can be ruled out because smaller chains would be expected to 

plasticize the backbone and reduce the Tg.  



 Chapter 2. Fast Scanning Calorimetry 
 

78 
 

 

Figure 2.5 Glass Transition Temperatures of UV-aged PCDTBT. Physical aging (a) 

and enthalpic recovery (b) of neat (top), 150 hour (middle), and 500 hour (bottom) UV-

aged PCDTBT. The glass transition temperature increases slightly with further UV-aging. 

Design of intrinsically stable conjugated polymers that still require solution processing thus 

requires side-chain engineered designs that allow for chemical solubility but reduced 

reactivity to crosslinking. This system is not meant to be an all-encompassing explanation 

to the photostability of conjugated polymers, but instead a model system to show that even 

though backbones can be designed with superior thermal- and photo-stability, the side-

chains can still attribute to degradation effects.  
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2.3.2 Hairy Rod Materials 

Organic field effect transistors (OFETs), while sharing the same mechanical and 

processing advantages as OPVs, have also gained interest due to their high field effect 

mobilities which have surpassed amorphous silicon at 1 cm2/V s.153 A lot of the progress 

can be attributed to synthetic efforts in the form of new materials that often exhibit more 

rigid backbones than first generation polymer semiconductors like P3HT and PPV. The 

more rigid backbones often require long solubilizing side-chains for synthesis. The 

combination of these rigid backbones and long side-chains form what will be referred to as 

‘hairy-rod’ polymers. 

 

Figure 2.6 Evolution from Semi-crystalline to long, rigid chain microstructure. (a) 

Schematic of a semi-crystalline polymer film, like P3HT, with crystalline domains in 

darker highlight and amorphous fractions in lighter highlight. Long polymer chains 

(highlighted in red) can connect ordered regions also called tie-chains.154 (b) Schematic of 

hairy-rod polymer ordering. Chains form more loosely ordered fraction leading to weaker 

and more diffuse x-ray scattering features and melting endotherms.154,155 

The high mobilities of these hairy-rod polymers also challenge previous thought that high 

degrees of crystallinity are required for sufficient charge transport. Generally, these hairy-

rod polymers exhibit weak and broad crystal signatures in x-ray techniques. Additionally, 

thermal measurements show mostly flat signatures suggesting mostly amorphous 

materials. At the same time, the materials are generally brittle and not very flexible, 

contrary to what is expected of glassy polymers. The need for a better understanding of the 

microstructure and local ordering in these systems is required to develop more in-depth 
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structure-property interrelations. The following sections will describe the progress in 

describing the local ordering of hairy-rod polymers through investigation of side-chain and 

liquid-crystalline ordering among these hairy-rod polymers. 

One of the first and model system of ‘hairy rod’ polymers is poly(2,5-bis(3-alkylthiophen-

2-yl) 

thieno[3,2-b]thiophene) (pBTTT). This polymer contains fused-thiophene rings with side-

chains ranging from 10 to 16 carbons long, thus giving it a ‘hairy rod’ structure as it has a 

stiffer backbone than P3HT and longer side-chains. Hairy rod polymers are generally less 

ordered on a micro-scale and therefore show weaker crystalline peaks in x-ray techniques, 

but can order more locally with side-chain organization and liquid-crystalline-like phases 

through ordering of the backbones. PBTTT can order in three different forms, seen in DSC: 

side-chain ordering, thermotropic liquid crystal, and crystal. Each of these thermodynamic 

features appear at high temperatures than the previous, due to increased enthalpic driving 

forces. Figure 2.7 shows a typical thermogram of pBTTT-C16 measured using the Flash 

DSC. Upon heating, two endotherms are highlighted in blue: the side-chain softening and 

backbone melting at ~50 °C and 225 °C, respectively. Corresponding exotherms for each 

of these transitions are evident upon cooling. The backbone crystallization occurs at ~50 ° 

of supercooling (~175 °C) while the side-chain organization occurs at only ~10 ° of 

supercooling (55 °C). The difference in amount of supercooling is further evidence of the 

reduced order required for side-chain organization compared to backbone and decreased 

entropic effects. The thermotropic liquid crystal phase is not seen in this scan, however, it 

generally appears around 120-150 °C.156 
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Figure 2.7 Heating and Cooling Curves of pBTTT-C16. Two distinct endotherms 

appear attributed to side-chain softening around 50 °C and the backbone melting around 

230 °C with corresponding exotherms occuring at supercooled temperatures. 

 

Figure 2.8 Physical Aging Signature of pBTTT-C16. (a) Low temperature aging 

signatures indicative of physical aging (b) Intermediate temperature aging range indicative 

of formation of the thermotropic liquid crystal (c) High temperature aging range showing 

the growth of side-chain ordering and backbone crystal growth. 

Performing heating and cooling loops at a given temperature scan rate of this particular 

pBTTT can only inform on the side-chain and backbone ordering, thus further insight is 
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gained through isothermal holds at a wide range of temperatures. Figure 2.8 shows the 

aging and annealing curves after isotherms at low, intermediate, and high temperatures. In 

the low temperature aging regime, endotherms indicative of physical aging occur. Physical 

aging is the only expected process occurring in this range because the cooling curve in 

Figure 2.7 shows that the side-chain crystallization-like exotherm stops around 10 °C, thus 

no further crystallization/ordering processes are expected. Then, in the intermediate 

temperature regime, a decrease in the enthalpic recovery is expected, however the 

endotherms appear to plateau. This plateau is the expected growth of the liquid crystal 

phase, because the isotherms are above the onset of side-chain crystallization. Additionally, 

the glass transition temperature of pBTTT is roughly, 5 °C, thus no physical aging will 

occur above this temperature.157 The slight increase in peak temperature of the liquid 

crystal melt as annealing temperature increases indicates slightly longer lamellar stacks of 

the liquid crystal. Finally, at high temperatures, the liquid crystal melt endotherm 

disappears around 120 °C, and instead, two endotherms appear. There is a low temperature 

endotherm indicating additional organization of the side-chains, and a high temperature 

endotherm indicating melting of pBTTT crystals/backbone melting. The increase in 

backbone ordering along with side-chain ordering is seen in other rigid conjugated 

polymers.158 However, in rigid conjugated polymers with branched side-chains there is 

more competition between side-chain ordering and backbone planarity during solution 

processing.159 There is a clear competition between the two, with different backbone 

flexibilities and side-chain densities playing a major role.160 However, these previous 

studies are examination of the competing effects during solution processing or through 

simulations. Flash DSC aging experiments are examinations of a melt-process system. In 
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this case, planarization of the backbone, evident from more prominent melting peaks, is 

expected to be a pseudo-nucleating agent promoting side-chain organization. The 

comparably low density and long length of the C16 side-chains allows for large driving 

force for the side-chain to snap into the same plane as the backbone, thus showing large 

endotherm as well. 

The side-chain organization clearly affects the optoelectronic properties, thus to gain 

further insight into the role of side-chains especially as it pertains to blended materials, we 

investigated the influence of fullerenes on the packing of pBTTT. Fullerene derivatives, 

commonly found in OPVs, are known to intercalate into the side-chains of pBTTT creating 

a pBTTT:fullerene co-crystal which is a 1-phase system, i.e. a solid solution.161 The amount 

of intercalation is dependent on processing162 as well as fullerene size and chemistry.163 

Intercalation is commonly measured via conventional thermal analysis and linear 

absorption spectroscopy, however, tracking the organization of the side-chains can also 

give insight to intercalation.  
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Figure 2.9 Fullerene Derivative Intercalation in pBTTT-C16. (left) Physical aging 

signatures of blends of PCBM and pBTTT (right) physical aging signatures of blends of 

ketolactam and pBTTT. 

We looked at how two different fullerene derivatives, PCBM and ketolactam (Keto), 

intercalate into pBTTT-C16. These two fullerenes were chosen for their similar size and 

absorption behavior. Both systems show double eutectic phase behaviors with co-crystal 

formation occurring for each system.164 Infrared vibrational spectroscopy also shows a shift 

in the CH2-asymmetric stretch d-frequency in pBTTT which indicates that the all-trans 
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configuration in neat pBTTT side-chains is disrupted with fullerene intercalation. 164 

Tracking the side-chain softening peak for these systems also provides information into the 

extent of intercalation achievable.  

Addition of the fullerenes into pBTTT shows a clear decrease in the side-chain ordering 

with increasing fullerene content. Comparisons at intermediate aging temperatures, 30 °C 

– 100 °C, show that PCBM:pBTTT blends has a richer phase behavior at the same 

concentrations, indicated by the presence of several peaks, while ketolactam:pBTTT 

blends show weak and broad side-chain softening and (co-)crystal melting features. At high 

aging temperatures, 105 °C – 200 °C, the (co-)crystal melting features of PCBM:pBTTT 

blends maintain their sharpness, as well as limited change in peak temperature as a function 

of aging temperature. Ketolactam:pBTTT blends are shown to vitrify at these higher 

temperatures, which could be due to the relative thermodynamic stability of the co-crystal 

compared to the PCBM:pBTTT co-crystal, or the lower melting temperature of ketolactam 

have an influence on the temperature range at which supercooling can occur. 
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Figure 2.10 Fullerene Intercalation into pBTTT-C16. (left) Physical aging signature of 

blends of PCBM and pBTTT-C16 (right) physical aging signatures of blends of ketolactam 

and pBTTT-C16. 

The side-chain softening feature of pBTTT is more suppressed in PCBM blends compared 

to Ketolactam, so tracking the enthalpy of the transition is more difficult. However, when 

comparing the side-chain softening enthalpy to that of the backbone/co-crystal melting in 
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ketolactam:pBTTT blends shows a clear decrease of the side-chain softening compared to 

the backbone. Additionally, clear endotherms of each transition are seen in lower fullerene 

content blends, likely due to the presence of a pBTT-rich phase in 2 of the measured blends 

and the hindered molecular intercalation of Ketolactam. 

 

Figure 2.11 Comparison of Side-chain Ordering to Backbone Ordering in 

Ketolactam:pBTTT Blends. The decreased ratio of the side-chain ordering to backbone 

ordering with increase ketolactam weight ratios suggest that the ketolactam interrupts the 

side-chain ordering of pBTTT. 

The knowledge gained on pBTTT phases can thus be extended to newer generation 

polymers that exhibit even more rigid backbones. 

New high performing semiconducting polymers surpassing the benchmark mobility of 1 

cm2/Vs of amorphous silicon.165–168 Generally, these polymers use both electron donor 

groups and electron acceptor groups in their repeat units leading to several fused rings and 

a more rigid backbone. Even though mobilities are increasing, the long-range order is 
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weaker compared to the more flexible polymers like P3HT.169 This reduced long-range 

order contradicts the previous knowledge of semiconducting polymers, where high 

crystalline generally lead to higher mobilities.170,171  

 

Figure 2.12 Glass Transitions of IDT Copolymers with different backbone torsion (a) 

Physical aging signatures of PIDTBT (top panel) and PIDTBPD (bottom panel). (b) 

Enthalpy recovery of PIDTBT (top panel) and PIDTBPD with extrapolations of the glass 

transition temperature. 

The high device performance helps expand the potential applications for plastic electronics, 

in particular, deformable electronics.172 The non-crystalline nature of these polymers may 

be able to handle the mechanical stresses for deformable electronics. However, high 

mobility polymers like pBTTT and indacenodithiophene-co-benzothiadiazole (PIDTBT), 

are prone to brittle failure at low strain173, and even though higher molecular weight 
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PIDTBT (>200 kg/mol) can help improve the ductility, plastic deformation still starts at 

about 5% strain with failure occurring at about 40%.174 Chemical changes to PIDTBT can 

improve the ductility, for example substitution of the benzothiadiazole for a 

benzopyrollodione unit (PIDTBPD) increases the crack onset strain from 3 to over 

100%.175 The reason for this large increase in crack onset strain however is unclear.  

Thus we looked at as series of copolymers with varying amount of the benzopyrollodione 

unit. Density functional theory calculations show that the PIDTBT has a highly coplanar 

backbone.176 As a large increase in ductility is expected when above Tg, two homopolymers 

were measured, PIDTBT and PIDTBPD. If there is a difference in glass transitions between 

these two homopolymers, than the copolymers likely have a correlating change in their Tg. 

Figure 2.122 shows the Tgs of PIDTBT and PIDTBPD at 10 °C and 8 °C, respectively show 

that the chemical structure has little influence over the glass transition temperature. Thus 

the large difference in the crack-onset strain cannot be solely explained by Tg, and since 

room temperature (~20 °C) is greater than these, another process must be the cause. When 

annealing the samples above the Tg, seen in Figure 2.13, two endotherms appear. The 

presence of these endotherms suggest possible liquid-crystalline or liquid-crystalline-like 

transitions, like that of pBTTT, as well as side-chain softening. Indeed, the lower 

temperature endotherms are similar to of sub-Tg transitions of CPs attributed to side-chain 

motion.177,178 For PIDTBT, this transition peaks around 25 °C while the same transition 

peaks around -5 °C for PIDTBPD. Above the side-chain softening peaks, the polymers are 

expected to gain sufficient motion to allow for more ductility. The PIDTBT is thus only 

partially softened at room temperature, locking backbones into more frozen states, and 

reducing backbone motion, while the PIDTBPD has more freedom of motion at room 
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temperature due to the side-chains being fully softened. Since the polymers contain the 

same length, density, and sterics, the large difference in temperature of the side-chain 

softening in these polymers is due to the relative backbone planarity of each. The PIDTBT 

is more planar along the backbone, therefore, there is a large enthalpic driving force for the 

chains to order in the same plane, while the more torsionally disordered PIDTBPD does 

not have the sample driving force for in-plane ordering.  

 

Figure 2.13 Side-chain and liquid-crystalline-like ordering of IDT copolymers. 

PIDTBT (left) and PIDTBPD (right) using annealing temperatures. Two distinct 

endotherms appear when annealing samples above the glass transition temperatures, 

indicating liquid-crystalline or liquid-crystalline-like transitions. 

In addition to the side-chain softening endotherms, both polymers exhibit high temperature 

endotherms reminiscent of liquid-crystals. These endotherms indicate that some ordering 

at least in one direction occurs in these systems, despite the lack of long-range order 

detected by x-ray techniques. PIDTBT also exhibits higher liquid-crystalline-like 

endotherms than PIDTBPD. As with the side-chain softening, this liquid-crystalline-like 

endotherm temperature is likely affected by the planarity of the backbone. A more planar 
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backbone will increase the enthalpy required to melt. The more-planar backbone of 

PIDTBT is also confirmed with DFT, and the hole mobility is also about an order of 

magnitude larger than PIDTBPD which could be due to better conjugation lengths.  

 

Figure 2.14 Physical Aging of Planar IDT Copolymers. Aged and reference curves of 

IDT copolymers with aging temperatures listing on the right in increments of 5 degrees per 

line pair. 

Extensions to this correlation between side-chain softening and backbone planarity and 

how this affects mechanical and optoelectronic properties can be explored. By extending 

the side-chain length from 16 to 20 carbon atoms but maintaining the same backbone 

allows for examination of the entropic effect that side-chains have on the backbone Tg. 

Figures 2.14 and 2.15 show the enthalpic recoveries and extrapolated Tgs of a new set of 

IDT polymers. This PIDTBT-C16 has the same Tg as reported earlier, however, PIDTBT-
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C20 has an even higher Tg at 20 °C. This higher Tg is likely due to the large increase in 

molecular weight of the C20 samples which is about 30 kg/mol compared to PIDTBT-C16 

at 10 kg/mol. Glass transition temperatures are known to decrease significantly when the 

molecular weight is below about 10 kg/mol and be relatively unaffected at higher molecular 

weights.60 Further discussion on this increase in Tg can be found in Section 2.3.4 as other 

factors may influence the glass transition.  

 

Figure 2.15 Glass Transitions of Planar IDT Copolymers. Enthalpic recovery versus 

aging temperatures with linear extrapolations to estimate glass transition temperature. 

This new series of IDT polymers include a series of PIDTTPD polymers with varying side-

chain lengths on the TPD unit. TPD was chosen as the next model system because it has 

an even more planar backbone than PIDTBT.176 The TPD unit appears to have a slightly 

higher Tg than PIDTBT when the side-chain is only 1 carbon long on the acceptor unit. 
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Additional increase of side-chain length from 1 to 8 carbons long decreases the Tg by 27 

°C. Then an additional increase to 13 carbons long only decreases the Tg by 4 °C, however 

this sample has a side-chain that includes a branching position which have been shown to 

increase Tg due to decreasing the local chain dynamics.179  

 

Figure 2.16 Annealing of Planar IDT Copolymers. Annealed and reference 

thermograms of PIDTBT copolymers with annealing temperatures listed on the right side 

in increments of 10 degrees. PIDTBT copolymers show side-chain softening and liquid-

crystalline-like melting peaks with annealing, while PIDTTPD copolymer show weak 

endotherms indicate some liquid-crystalline-like ordering, but no side-chain softening 

peaks. 

Annealing was also performed on this series of IDT polymer to examine the side-chain 

softening and liquid-crystalline-like phases. PIDTBT-C16 shows similar peaks to Figure 

2.13 while PIDTBT-C20 shows a side-chain melting at slightly higher temperatures (~50 

°C) which is consistent with the increased melting of linear alkanes. There are also liquid-
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crystalline-like regions to the PIDTBT-C20 sample, occurring at similar temperatures as 

the C16, which indicates that the side-chains do not play a large role in this phase. If side-

chains were ordered in this phase as well, than the entropic increase of longer side-chains 

would be expected to decrease the melting point. However, further studies on the molecular 

weights as necessary as melting endotherm peaks are potentially molecular weight 

dependent as seen in Figure 2.17. For the TPD series, there appears to be no apparent side-

chain softening regions, and only very weak liquid-crystalline-like endotherms occurring 

100-150 °C. This indicates that side-chain softening and liquid-crystalline ordering in IDT-

based polymers is fragile and heavily dependent on chemical structure and planarity. The 

additional side-chains on the TPD units are expected to disrupt the side-chain ordered.  

 

Figure 2.17 Molecular Weight Dependence of Liquid-Crystalline-Like Phase of 

PIDTBT.  Annealed and reference curves of low molecular weight (left) and high 

molecular weight (right) PIDTBT-C16 both showing side-chain softening and liquid-

crystalline-like melting peaks. Side-chain softening endotherms are molecular weight 

independent because both systems have 16 carbons. Liquid-crystalline-like endotherms 

appear at higher temperatures for high molecular weight PIDTBT indicating longer 

lamellar thickness which are possible with the longer backbone. 
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The liquid-crystalline-like region of IDT polymers requires further investigation to the 

mesoform: nematic or smectic. It also appears as though the peak temperature of the liquid-

crystalline-like melting is dependent on molecular weight reminiscent of chain extended 

polymer crystals with longer polymers chains having higher melting temperatures.180–182 

At least in these two samples, folding of these chains is not apparent, but more molecular 

weights are required for confirmation. Liquid-crystalline-like regions are expected to align 

with other microstructural features like the (001) peak in x-ray scattering, and 

optoelectronic features like hole mobilities of transistors. Therefore, thermal screening of 

these phases can qualitatively predict mechanical properties and device performance.  

2.3.3 OECT Materials 

Organic mixed ionic-electronic conducting (OMIEC) polymers are able to conduct 

electronic and ionic charges183 with applications of OMIECs spanning bioelectronics,184,185 

electrochromics186,187, and energy storage.188 In order to conduct electrons and ion, the 

material must go through electrochemical doping which is a dynamic process where large 

variations in microstructure, energetic landscape, volume, ion content, and charge carrier 

concentration are linked to the oxidation state of the polymer. Consequently, the choice of 

the backbone and solubilizing groups has profound impact on both the electrolyte affinity 

and 𝜋-orbital delocalization and inter-chain interactions.  
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Figure 2.18 OECT Schematic. The channel is comprised of the conjugated polymer and 

a electrolyte solution (saline) is placed above with solvent and electrolyte able to penetrate 

the polymer film. Tuning gate voltage allows for ion penetration into the polymer and 

electronic conductivity across the channel. 

Progress and advancements have been made due to establishing structure-property 

relationships of polymer OMIECs and building off of the knowledge from OPV and OFET 

materials.154,189 Synthetic changes include the addition of polar oligoether side-chains to 

common semiconducting thiophenes seen in photovoltaics and transistors.190 Other 

relationships have been developed through blending with non-conjugated polymer 

electrolytes.191,192 The most common figure of merit in OECTs is the volumetric 

capacitance (product electronic mobility and volumetric charge storage) and 

transconductance (signal amplification)193 which are performance markers during steady-

state operation, however, there is not a standard metric for the transient behavior, i.e. 

switching kinetics, of OMIECS. This could be due to large number of confounding factors 

that affect the switching kinetics including the size and charge of the ions.194 Additionally, 

a factor affecting switching kinetics includes the ionic conductivity and it is assumed to 

relate to either the Vogel-Fulcher-Tammann or Arrhenius relationship.195–197 These 

relationships have a dependence of the glass transition temperature and therefore 

understanding ionic conductivity in OMIECs has been limited by difficulty in measuring 

the glass transition temperature of conjugated polymers. 
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Here we present a series of poly(3,4-propylenedioxythiophene) (ProDOTs) with varying 

side chain lengths, polarities, and sterics. Extensive side-chain engineering of ProDOTs 

have led to knowledge on optoelectronic properties and local ordering however, in most 

cases thermal properties are not reported, so the relationship between these side-chains and 

Tg are unknown for ProDOTs.198–200 

 

Figure 2.19 ProDOT Series Structures Investigated. ProDOTs of varying side-chain 

length, polarity, sterics, and substitution degrees are investigate to determine the influence 

of each on the glass transition temperature.  

The propylene bridge causes slight decreases in planarity of ProDOT compared to PEDOT 

and it also places the side-chains more orthogonal to the backbone. Even though, 

crystallographic data is not available for the whole series of ProDOTs, others have shown 

that ProDOTs of varying side-chain chemistries have weak and broad GIWAXS signals 

indicating they are weakly ordered and highly amorphous.201–203 The absence of melting 
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peaks in calorimetric measurements also verify this claim. Therefore ionic conductivity is 

expected to not be dependent on transport into crystalline regions which has shown to 

decrease switching time by a factor of three.204 

 

Figure 2.20 Physical Aging of Linear Spaced ProDOTs. Physical aging signatures (a) 

with aging temperature shown in increments of 5 degrees with extrapolated glass transition 

temperatures (b). 
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The first series of ProDOTs include the copolymers with linear oligoether side-chains on 

one repeat unit with dimethyl groups on the other. The decreased density of the dimethyl 

unit could decrease the free volume in the system and thus drastically increase the Tg.
205 

Sharp decreases in Tg are seen with increased side chain length, which tracks with trends 

seen in P3HT.206 Endothermic overshoots for P(OE2)-P(Me) and P(OE3)-P(Me) show 

slight evidence of separate processes occurring when aged near Tg evidenced by the 

overshoots tailing off. Side-chain organization is common in long linear side-chain 

semiconducting polymers with the temperature at which they appear being dependent on 

side-chain length and distribution.148,176 P(OE4)-P(Me) does not show a drastic tailing off 

because the Tg is far enough removed some potential side-chain organization temperatures. 

Other processes like a distribution of Tgs due to the low molecular weight and dispersity 

of P(OE2)-P(Me) and P(OE3)-P(Me) compared to P(OE4)-P(Me), seen in Table 2.1, may 

be a cause for these broad overshoots. Side-chain organization does cause mechanical 

differences separate from the influence of Tg, which can attribute to physical characteristics 

of swelling during electrochemical doping. 



 Chapter 2. Fast Scanning Calorimetry 
 

100 
 

 

Figure 2.21 Physical Aging of Branched Spaced ProDOTs. Physical aging signatures 

(a) with aging temperature shown in increments of 5 degrees with extrapolated glass 

transition temperatures (b). 

Branching within the side-chain is known increase Tg for the same number of atoms, so 

branched-spaced copolymers are examined as well.179 The same, highly polar oligoether 

sidechains are added with a branching point. The total number of atoms is significantly 

increased therefore plummeting the Tg. No evidence of side-chain organization is evident 

in these samples, however, these features are expected to be much greater than -32 °C. 
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Figure 2.22 Physical Aging of Fully Decorated ProDOTs. Physical aging signatures (a) 

with aging temperature shown in increments of 5 degrees with extrapolated glass transition 

temperatures (b). 

Fully decorated ProDOTs are examined to determine the influence of a more symmetric 

distribution of side-chains and no side-chain ordering phases are expected in these either.  
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Table 2.1 ProDOT Series Data Table. Molecular weight, dispersity, glass transition 

temperature, and number of side-chain atoms not including hydrogens for each ProDOT. 

 

Table 2.1 shows that all samples have a number-average molecular weight above 10 

kg/mol, so the Tgs reported are not expected to be heavily dependent on molecular weight. 

Additionally, Table 2.1 shows the total number of side-chain atoms if all heteroatoms 

outside of the dioxythiophene unit and excluding hydrogens. The shortest side-chain 

ProDOT, P(OE2)-P(Me), has less than half the total number of side-chains of P(OE3OE3)-

P(Me) and the large difference in Tgs show the influence that the side-chains have. The 

reported Tgs are expected to be effectively the upper bound of the Tg for each material, as 

the fast cooling rate of Flash DSC will increase the Tg
207 and the physical aging 

experiments measure the Tg,onset upon cooling. Therefore future reports on Tgs of ProDOTs 

may show lower results. A simple relationship between the Tg and number of side-chain 

atoms in Figure 2.23.  
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Figure 2.23 Relationship between the Glass Transition Temperature and Length of 

Side-Chain in ProDOTs. Linear spaced (black circles), branched-spaced (blue 

rectangles), and fully decorated (red triangles) ProDOTs are plotted with a mostly-linear 

trend between glass transition temperature and side-chain length appearing. No influence 

of polarity, substitution pattern, or branching effects are apparent. 

The relationship between Tg and side chain length appears linear, with the substitution 

pattern, chemistry, and sterics being less dominant than the effect of additional atoms. This 

independence of Tg from side chain polarity and sterics is consistent with other predictions 

of Tgs for semiconducting polymers.157 The polarity of the side-chains playing no role is 

significant in suggesting that the backbone is not plasticized more compared to nonpolar 

side-chains. The addition of polar side-chains is instead more influential on the solubility 

and miscibility with polar/aqueous solvents and electrolytes. 
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Figure 2.24 Normalized absorbance of fully reduced and fully oxidized ProDOTs. 
Fully reduced ProDOT (black lines) with voltage measured and fully oxidized ProDOT 

(red lines) with voltage measured. Each ProDOT exhibits the full removal of their vibronic 

absorptions with fully oxidized states being mostly transparent. 

As switching kinetics and ionic conductivity in electrochemical devices are expected to be 

heavily dependent on Tg, i.e. segmental motion, this series provides us with a range of Tgs 

spanning over 60 °C. To measure the switching kinetics, we can look at the change in 

absorption as functions of applied voltage.  

For the spectroelectrochemical characterization, the selected polymers were sprayed onto 

ITO/glass slides (Delta Technologies Ltd., 25 x 75 x 0.7 mm3, sheet resistance 8-12 Ω/sq, 

cleaned by sonication in toluene, acetone, and isopropanol) to the desired optical density 

from 4 mg/mL chloroform solutions using an Iwata Eclipse HP-BC airbrush with an 

optimized argon pressure of approximately 20 psi. The experiments were performed in a 
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three-electrode electrochemical cell consisting of a Ag/Ag+ pseudoreference electrode 

(E1/2 for Fc/Fc+: 0.075 V), and a Pt flag counter electrode. The electrolyte consisted of 

0.5 tetrabutylammonium hexafluorophosphate (TBAPF6) dissolved in propylene 

carbonate. All samples were electrochemically conditioned using cyclic voltammetry for 

10 cycles at 50 mV/s from -0.8 V to 0.8 V. The in situ spectroscopic analyses were then 

performed with an Ocean Optics USB2000+ fiber-optic spectrophotometer in 1 cm path 

length quartz cuvettes. The potential was controlled with a PINE WaveNow potentiostat 

and AfterMath software. When recording steady-state spectra, the films were held at the 

desired potential for 20 seconds prior to recording the spectrum. The switching kinetics 

were probed by measuring the absorbance at λmax as the film was switched between the 

dedoped and fully doped states using 10 second pulse lengths. Only 5 of the ProDOTs 

could be examined in electrochemical switching due to limited quantities of the polymer 

and solubility issues upon oxidation.  

The ProDOT series all switch from a colored film to transparent during electrochemical 

oxidation. At the fully reduced state (-0.8 V), each ProDOT has a vibronic progression of 

absorption, seen in Figure 2.24, which indicates some intermolecular coupling and 

photophysical aggregates form.208 Without further temperature dependent 

photoluminescence measurements, the exact nature of the photophysical aggregates, i.e. 

H- or J-aggregates, and thus are considered mixed HJ-aggregate.209 The photophysical 

aggregates, however, are not expected to play a role in optical switching kinetics. 

To measure the optical switching kinetics, each ProDOT sample is cycled between its fully 

reduced to fully oxidized state, and the peak absorption intensity is measured versus time. 

Figure 2.25 shows the time evolution for each of the ProDOTs. Doping for all samples 
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occur within 0.5 seconds, and dedoping for P(HD)-P(Me), P(EH), and P(OE3-EH) occur 

within 2 seconds. Samples that do not fully dedope within 2 seconds are expected to have 

other factors hindering the process and will be discussed later. A time constant to analyze 

multiple samples is utilized. This time constant is the reciprocal of the slope of the linear 

portion of the lines in Figure 2.25 and is analogous to time constants reported by Hassab 

et al.,210 with the main difference being a measurement of the absorbance rather than the 

transmission. This leads to a change in time constants by a multiplier of about 300. 

Absorption is chosen rather than transmission as it more closely relates to the concentration 

of the ground state chromophores.  

 

Figure 2.25 Electrochemical Doping and dedoping versus time of ProDOTs. Max 

absorbance wavelength of ProDOTs measured versus time after the applied voltage switch 

from fully reduced to fully oxidized state and vice versa. Red scatter points show the doping 

(oxidation) process and black points show the dedoping (reduction) process. 
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There is also a small slope portion in the short time range for most of the ProDOTs which 

were not consistent for each sample and each measurement and therefore likely due to 

sampling interval differences or other experimental artefacts. Each time constant is plotted 

versus their respective Tg in Figure 2.26. Doping time constants are about half as much as 

dedoping, which tracks with the total switching times. Interestingly, the Tg appears to have 

no effect on the doping or dedoping time constants in this ProDOT series, which means 

segmental motion is likely not a limiting factor.  

 

Figure 2.26 Time constants electrochemical doping and dedoping of ProDOTs. Time 

constants of doping (red) and dedoping (black) measured as the reciprocal of the slope of 

the linear portion of the absorbance change during doping and dedoping. There is no 

relation between electrochemical switching and glass transition temperatures.  

The lack of dependence of electrochemical switching time and Tg can be due to a few 

different factors. Since each Tg is below room temperature, segmental motion happens 

rapidly for each polymer during the measurement. Additionally, swelling measurements 

show that each polymer passively and actively swells at least 10% upon exposure to solvent 

and oxidation. The increase of solvent can plasticize the polymer further, leading to a Tg 
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of the system being even lower than the neat polymer.211 Swelling measurements on 

P(OE2)-P(Me) were not possible, however, it is expected to swell similarly to P(OE3)-

P(Me) which passively swells over 100%. The similarity in time constants with materials 

of drastically different Tgs infers that ion diffusion in these systems happens in the 

solvated-vehicle regime.183,212 Without temperature dependent measurements on each 

sample to verify the relationship with switching speed and temperature, it is difficult to 

conclusively state the regime of ion transport.  

 

Figure 2.27 Electrochemical doping and dedoping completion times. Time it takes to 

complete 50, 75, 90, 95, 98% of the doping (a) and dedoping (b) process measured via 

normalized absorption changes as functions of time. 

Another way to measure the electrochemical switching time is through the time it takes 

partially dope. Figure 2.27 shows the time it takes for 50, 75, 90, 95, and 98% of doping 

or dedoping to occur, with 100% doping and dedoping defined as the largest change in 

absorption. The doping process, similar to Figure 2.26, shows very fast doping of 

ProDOTs, with 98% doping occurring within 0.5 seconds for all materials. Additionally, 

at every stage measured, there is not changes in the time it takes between different 



 Chapter 2. Fast Scanning Calorimetry 
 

109 
 

ProDOTs. This is consistent with the time constants of doping. The largest difference is 

seen in the dedoping of P(OE3)-P(Me) and P(OE2)-P(Me) which take over 3 and 8 

seconds, respectively, to dedope. As mentioned prior, P(OE3)-P(Me) shows super-swelling 

characteristics, which can lead to mechanical breathing and then delamination from the 

electrode.213 The same behavior is expected in P(OE2)-P(Me) given its similar chemical 

structure and with an even higher Tg ductility is likely reduced. Further experiments into 

the swelling nature of ProDOTs is being pursued in the group.  

 

Figure 2.28 Time constants electrochemical doping and dedoping of ProDOTs in 

aqueous solution. Time constants of doping (red) and dedoping (black) measured as the 

reciprocal of the slope of the linear portion of the absorbance change during doping and 

dedoping. There is no relation between electrochemical switching and glass transition 

temperatures.  

Even though previous electrochemical switching kinetics are measured with a nonpolar 

solvent, and there was a range of side-chain polarities scanned, the same measurements 

were performed with NaCl in water. Data on several different films with varying thickness 

was not available, however, time constants and doping times seen in Figure 2.26 and 2.28 



 Chapter 2. Fast Scanning Calorimetry 
 

110 
 

appear on the same order of magnitude as nonpolar solvents. Both of these ProDOTs 

measured have large Tg differences, as well as differences in swelling, however still appear 

to switch in the same timeframe. 

Aqueous measurements on switching speed hint that factors like intermolecular forces and 

ion size may not significantly affect the switching speeds of ProDOTs. This further implies 

that ion transport happens in the solvated vehicle regime, and highlights ProDOTs 

possessing extremely fast electrochemical kinetics. 

2.3.4 Additional Side-Chain Effects 

In Section 2.3.2, the role of side-chain ordering and its effect on optoelectronic and 

mechanical properties was discussed. With highly planar IDT copolymers, side-chain 

ordering played a particularly large role on the ductility of the material. There was also an 

increase in Tg when the side-chains on IDTBT were increased from 16 to 20 carbon atoms. 

This increase is primarily attributed to a large difference molecular weight, however, 

another factor may influence the Tg. Side-chains of increasingly large size have been shown 

to crystallize rapidly and thus increase the Tg of the backbone.214  
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Figure 2.29 MAF and RAF Phases. (a) Traditional mobile amorphous fraction (MAF) 

and rigid amorphous fraction (RAF) phases right highlighted in blue and red, respectively. 

Crystal phase indicates the backbone crystals. (b) Proposed “MAF” and “RAF” phases as 

consequences of side-chain crystals in hairy-rod polymers.  

This minimum in Tg as functions as linear side-chain length has been reported in polymers 

with varying backbones,215,216 however the presence of a minimum and subsequent 

increase in Tg with side-chain length deviates from the entropic increase that side-chains 

impose on backbones. There are reports of dual glass transitions appearing in long side-

chain poly(alkyl itaconates) with each glass transition having similar activation energies 

indicative of major relaxation processes, i.e. cooperative motion.217,218 Additionally, there 

is a reported increase in glass transition temperature as a function of side-chain 

crystallization.219 Thus prior reports of the increase in glass transition with side-chain 

length are expected to be artefacts of the measurement technique with side-chain softening 

and glass transitions have similar and overlapping signals.220 The dual glass transitions is 

more reminiscent of the mobile amorphous fraction (MAF) and rigid amorphous fraction 

(RAF) phases of semicrystalline polymers. Since the MAF and RAF phases were not 
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proposed until 1985,221 and most of these reports predate this, what was reported could 

likely be RAF phase Tgs.  

The participating atoms in this MAF and RAF phases differ from the conventional 

backbone crystals. Figure 2.29 shows the pictograms of conventional MAF and RAF 

phases, along with the newly proposed MAF and RAF phases as a consequence of side-

chain crystallization. The new RAF phase consists of the backbone atoms that contain the 

side-chain atoms participating in the crystallization, however, these backbone atoms are 

not expected to contribute to the side-chain crystal and therefore are denoted as the RAF. 

The new MAF phases, is the amorphous backbone phase which has side-chains that do not 

participate in side-chain crystallization and is expected to have the same Tg as the fully 

amorphous material. 

 

Figure 2.30 Annealing and Aging Protocol for Side-chain crystal ordering. (left) Flash 

DSC annealing and aging protocol in create side-chain crystals and then age below the 

glass transition temperature (right) Flash DSC reference curves from annealing protocol. 

PIDTBT-C16 and -C20 both show side-chain softening endotherms and liquid-crystalline-

like melting endotherms 
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In order to induce side-chain crystallization and thus the MAF and RAF, an annealing step 

is taken prior to aging. This annealing process has been shown to create traditional MAF 

and RAF phases in poly(l-lactic acid).222 Figure 2.30 shows the new thermal experiment as 

well as the reference curves for both PIDTBT-C16 and -C20 which show side-chain 

softening peaks and liquid-crystalline-like backbone melting peaks.  

 

Figure 2.31 MAF and RAF Evidence in PIDBT. (a) Physical aging curves of non-

annealed PIDTBT-C16 samples that will have mostly amorphous phase. (b) Physical aging 

curves of annealed PIDTBT-C16 samples that have side-chain crystals prior to aging. (c) 

Enthalpic recoveries of the aged (black) and annealed and aged (red) samples with linear 

extrapolations of the glass transition temperatures for the MAF and RAF phases. (d) 

Physical aging curves of non-annealed PIDTBT-C20 samples that will have mostly 

amorphous phase. (e) Physical aging curves of annealed PIDTBT-C20 samples that have 

side-chain crystals prior to aging. (f) Enthalpic recoveries of the aged (black) and annealed 

and aged (red) samples with linear extrapolations of the glass transition temperatures for 

the MAF and RAF phases. 
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Physical aging is measurements for a large range of temperatures just like in previous 

protocols and the enthalpic recovery can be used to estimate the Tgs of the polymers. Figure 

2.31 shows the resulting thermograms of the polymers aged (Figure 2.31a and 2.31d) and 

annealed and aged (Figure 2.31b and 2.31e). In both polymers, the annealed and aged 

samples show additional endotherm overshoots at high aging temperatures. The enthalpy 

recovery graphs also show the extrapolation of Tg for the aged sample and annealed and 

aged sample. The annealed sample, which has side-chain organization, shows extrapolated 

Tgs that are approximately equal to the peak temperature for the side-chain softening 

endotherm. Additionally, in PIDTBT-C20, the annealed enthalpic recovery appears to have 

two decreasing ranges, the first of which is between aging temperatures of -15 and 0 °C 

which, if extrapolated aligns with the aged sample. The dual extrapolations possible with 

PIDTBT-C20 is like that of P3HT MAF and RAF phases.223 Dual extrapolations in PIDBT-

C16 are difficult, however, the increased enthalpic recovery of the annealed sample 

compared to the aged sample indicates there is a larger driving force towards the 

equilibrium glass which means that the Tg would be higher. Finally, the RAF Tg for these 

systems is expected to align with side-chain softening, because once the side-chains are no 

longer ordered, there is nothing hindering the backbone from cooperative motion. The new 

‘critical length’ of a side-chain that causes an increase in Tg is actually a critical length of 

the preferred kinetics and thermodynamics of side-chains forming crystals in the time-scale 

of the experiment. If the material can be fully vitrified, then no critical length will exist. 

The mechanical implications of these new MAF and RAF phases are likely insignificant 

because the side-chain crystals are already hindering cooperative motion. This is the first 
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known report of MAF and RAF phases through side-chain crystallization of conjugated 

polymers.  

2.4 Crystallization and Vitrification Kinetics 

In addition to physical aging to measure the Tg of polymers, the Flash DSC’s rapid heating 

and cooling opens avenues to explore crystallization kinetics of fast-crystallizing polymers. 

Because crystallization involves transformation from a liquid to the solid state and it has 

profound effects on melting temperature, residual stress, shape distortion and mechanical 

properties, polymer crystallization is essential in polymer powder-bed based 3d printing. 

Polyamide 12 or PA12 is a commodity plastic used in many industries for packaging as 

well as insulating and chemical resistant tubing. It is also very common in powder-bed 

based additive manufacturing. The mechanical and thermal properties are dependent on, 

among other things, the crystallinity of the polymer. PA12 crystallinity can range from 25-

50% and the size of the crystals affects the properties as well.224 During crystallization, 

PA12 can shrink in volume causing potential issues during processing. Thus it is important 

to understand the extent and kinetics of crystallization. 
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Figure 2.32 Vitrification Kinetics Protocol of PA12. (a) Flash DSC temperature vs time 

protocol to measure the cooling rate at which no crystals are formed. (b) Heating 

thermograms at 1000 °C/s of PA12 immediately following a varied cooling rate between 

10 and 104 °C/s.  

One method to measure crystallization kinetics is with the Avrami equation which 

estimates crystalline shape during isothermal and non-isothermal crystallization 

conditions.225–227 However, the sample must be quenched prior to isothermal crystallization 

so a minimum rate needs to be calculated.  

PA12 crystallizes extremely quickly due to its linear, flexible backbone and hydrogen 

bonding units, which makes crystallization kinetics studies difficult using conventional 

differential scanning calorimetry. Thus, fast scanning calorimetry, using a Mettler Toledo 

Flash DSC 1, is required for more accurate determination of the crystallization kinetics and 

potentially identify effects of nucleation. Figure 2.3.2a shows the heating traces performed 

in fast scanning calorimetry to help identify critical cooling rates. Cooling rates as chosen 

in a logarithmic pattern, while heating rate is maintained constant. Then the process is 

repeated several times for several different heating rates. In this case, heating rates between 
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500 and 5000 °C/s are chosen. Figure 2.3.2b shows the resulting heating curves at 1000 

°C/s after cooling rates varying from 10 to 10,000 °C/s. At very slow cooling rates, a strong 

melting peak is seen upon heating. Then as cooling rates increase, the melting peak area 

decrease slightly and a cold-crystallization exotherm appears and grows with cooling rate. 

Faster cooling rates will quench the PA12 leading to fewer crystals. The enthalpy of fusion 

for each cooling rate minus the cold crystallization enthalpy will tell us how many crystals 

are present in the sample at a given cooling rate. This relationship is shown in red in Figure 

2.33. Additionally, the cold crystallization enthalpy as a function of cooling and heating 

rate is measured. A straight baseline is drawn between the endset of the glass transition 

temperature and melt phase to calculate the areas. 

 

Figure 2.33 Vitrification Kinetics of PA12. Total enthalpy change (red symbols) as 

functions of cooling and heating rates. Linear extrapolation to zero enthalpy indicates the 

rate, ~1000 °C/s, at which no crystals form during cooling. Cold crystallization enthalpies 

(blue) as functions of cooling and heating rates. Larger magnitudes of cold crystallization 

enthalpies indicate formation of PA12 nuclei that form crystals upon heating. 
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The total enthalpy change between the cooled sample and an baseline will collapse to zero 

at the critical cooling rate for vitrification. This critical cooling rate is seen in Figure 2.33 

and extrapolated to approximately 1000 °C/s using the heating rate data at 500 °C/s since 

faster heating rates show a small drift due to baselines not being as flat. This vitrification 

rate should be independent of heating rate so only one extrapolation is necessary. 

Additionally, at 100 °C/s there is an increase in the absolute value of the cold crystallization 

enthalpy which indicates nuclei formation that have not had enough time to crystallize. 

Even though the sample cooled at 1000 °C/s and higher can be thought of as amorphous, 

there are still nuclei present which only detected upon heating. As heating rate increases, 

there is a decrease in cold crystallization enthalpy because the process is time-dependent 

and faster heating rates decrease the overall time for crystallization. There is a heating rate 

fast enough that cold-crystallization will not occur even with nuclei present. The heating 

and cooling rates achievable in the Flash DSC 1 are not sufficient to completely eliminate 

nucleation and therefore cold crystallization peaks remain in all heating rates that follow a 

cooling rate of 100 °C/s and faster. Now that a critical cooling rate to crystal-free PA12 

sample is determined, isothermal crystallization steps can be performed. The chosen 

cooling rate is 4000 °C/s as it is much faster than the critical cooling rate, but not too fast 

to cause nonlinear cooling in the Flash DSC. Figure 2.34a shows the isothermal 

crystallization protocol where the isotherms are varied in 5 °C increments and held up to 

1000 seconds.  
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Figure 2.34 Isothermal Aging Protocol of PA12. (a) Flash DSC temperature vs time 

protocol to measure isothermal conversion kinetics. (b) Example thermograms of PA12 

aged at temperature indicated on the left side for times indicated by color.    

The growth of these nuclei and subsequent crystals are examined isothermally using the 

heating traces shown in Figure 2.34b. The isothermal holds vary in time logarithmically 

from 0.001 sec to 1000 seconds and the temperature is varied from 0 °C to 160 °C which 

covers ranges slightly below the glass transition to slightly below the melting temperature. 

The range will cover almost all nucleation and crystallization regimes of the polymer as it 

cannot crystallize far below the glass transition and above the equilibrium melting. Figure 

2.34b shows the heating curves that follow the isotherms, with the temperature of the 

isotherm indicated on the left side of the lines and the time held indicated by the transition 

from blue to red. Changes in the exo- and endotherms are seen both as functions of 

temperature and time. The resulting enthalpy changes of the total system and cold 

crystallization are calculated in the same procedure as mentioned prior, and some 

temperature scans are shown in Figure 2.35.  
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Figure 2.35 Crystallization and Nucleation of PA12. Enthalpy changes as functions of 

temperature and time, positive changes in enthalpy are indicative of crystallization, while 

negative changes are indicative of nucleation. Extrapolated lines from the fastest linear 

growth range indicate onset of crystallization. 

Similar trends are found in each isotherm. The first of which is the total enthalpy change 

remains small and close to zero at very short times indicating an induction time is required 

before crystallization commences. Then crystallization occurs evidenced by the growth in 

total enthalpy of the system. Finally, the crystallization slows down as the polymer reaches 

its maximum crystal volume. The cold crystallization enthalpies remain constant at first 

because nucleation cannot be suppressed fully in this material. However there is a slight 

growth in the absolute value of cold crystallization enthapies which highlights the 

maximum nuclei present. Finally, as crystallization starts, the amount of nuclei will slowly 

taper off. The most important process for this work is the start of crystallization which is 

linearly extrapolated to zero from the initial increase of the total enthalpy change and this 

time is labeled the characteristic time of crystallization. This times also aligns with the peak 
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nuclei production in the system because it marks the crossover from nucleation to 

crystallization. Since the cooling rate of 4000 °C/s does not suppress nucleation, a time of 

nucleation onset is not accessible, but is shorter than 0.001 seconds. If nucleation can also 

be suppressed, then the enthalpy change at extremely short times will be due to physical 

aging if below the Tg. 

The characteristic times of crystallization are plotted versus their temperature in Figure 

2.36. Heterogeneous and homogenous crystallization arcs appear at low and high degrees 

of supercooling, respectively.228 Heterogenous crystallization occurs from nucleation sites 

not intrinsic to the material, like dust, surfaces, and nucleating agents, while homogeneous 

crystallization occurs from the natural temperature fluctuations within the sample.228–230 

Homogenous crystallization for PA12 occurs on time scales faster than 1 second for all 

temperatures. Even heterogenous crystallization generally occurs on time scales under 2 

minutes, which is still relatively short compared to the time scales during 3D printing.  
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Figure 2.36 Characteristic Time of Crystallization of PA12. Points indicate the 

induction time at a given temperature required for crystallization to start. Heterogeneous 

and homogeneous crystallization arcs are seen at low and high degrees of supercooling, 

respectively. 

These extremely short time scales highlight why fast scanning calorimetry is required for 

the most accurate results. The axes of Figure 2.36 can even be inverted to create a time-

temperature-transition (TTT) diagram for this PA12 sample. The TTT diagram is a highly 

useful curve during processing to help identify expected phases within the polymer. With 

crystallization times and regions identified, the isothermal kinetics can be extended in the 

future to modeled kinetics. Additionally, the TTT diagram will be highly useful in 

modeling the stress and strain experienced during crystallization of the 3D printed PA12.  
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2.5 Future Work and Conclusions 

2.5.1 Future Work: Phase Kinetics 

In some cases, evidenced by the work on PA12, careful selection heating and cooling rates 

in fast scanning calorimetry is required. Effects like nucleation and crystallization may not 

be fully suppressed even at the fast cooling rates. Therefore, phase separation in blended 

systems can occur during the measurement due to crystallization of one of the phases. An 

example of this is in a blended system of P3HT and PVDF. Solution processing a 75:25 

P3HT:PVDF blend allows for compatibilization and kinetic trapping of a blend in a non-

equilibrium state. The two polymers show good intermixing with large cold-crystallization 

endotherms in DSC upon heating.231 Thus they likely exhibit an intermixed-amorphous 

phase and the glass transition of this amorphous phase can attribute to other optoelectronic 

features like temperature-dependent photoluminescence. To investigate this intermixed 

phase, we looked at the system in Flash DSC. Figure 2.37 shows the physical aging 

signatures of the 75 wt% P3HT blend. Even though there appears to be a good enthalpic 

overshoot signal at low aging temperatures, there is also a large endotherm in both the aged 

and reference samples at ~140 °C which is the melting peak of PVDF. Even though the 

samples are quenched at 4000 °C/s, the presence of the PVDF melting show that 

crystallization still occurs, and crystallization is generally accompanied by phase 

separation. Therefore the same intermixed-amorphous phase produced from solution 

processing has not been retained. As aging temperature reach the glass transition 

temperature of P3HT (~25 °C),223 two endotherms start to appear in the aged curve. These 

are assigned to PVDF crystal growth and P3HT crystallization at the low and high 
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temperatures, respectively. With crystallization of both components occurring, there is 

likely even more drastic phase separation. 

 

Figure 2.37 Physical Aging Signature of P3HT:PVDF 75:25 Blend (left) Low 

temperature aging range of blend exhibiting endotherm growth of characteristic of 

approaching the glass transition (right) Intermediate temperature aging range of blend 

showing a transition from physical aging to crystal growth 

Further studies on the crystallization and vitrification kinetics of both P3HT and PVDF are 

required before analyzing the intermixed phase. Likely, the P3HT will crystallize slower 

than the PVDF as evidence by the absence of a P3HT melting peak until sufficiently high 

aging temperatures are reached. Fast cooling rates and long aging times of PVDF have 

shown to affect the different crystal phases of PVDF including the α- and β-phases.232,233 

Experiments like those in Section 2.4 are suggested and generating temperature-time-

transition curve for the PVDF will be required prior to physical aging measurements.  

With the groundwork laid out to analyze crystallization kinetics using the Flash DSC, it 

can be expanded to conjugated polymers. This would complement the knowledge of the 

glass transition temperature, as that helps identify effective annealing temperatures, this 
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kinetics study can help identify annealing times required. In addition to process parameters, 

the crystallization kinetics of conjugated polymers can be expanded to modified Avrami 

equations that describe the directionality of the crystal growth.225–227 Finally, the 

crystallization kinetics of conjugated polymers under the influence of nucleated agents is 

of interest. Nucleating agents will affect the heterogeneous nucleation and can lead to an 

increased nucleation density and decreased crystal size and distribution.234 When combined 

with P3HT, nucleating agents improved the stability of the charge carrier mobility 

compared to neat P3HT and is attributed to the stabilized solid-state morphology.235 

Nucleating agents for fullerene acceptors have also been shown to promote thermal 

stability in blended systems.236 Thus knowledge of the nucleation and crystallization rate 

of conjugated polymers and electron acceptors is advantageous is device processing. 

The last aspect of phase kinetics that can be explored using the Flash DSC is melting 

kinetics. Similar to crystallization kinetics, this process analyzes the temperatures and 

times required to achieve full melting of polymer crystals. As polymers are heating, it is 

well known that their melting temperature will depending on the microstructure and 

heating rate. Chain-extending crystals will exhibit a superheated melting temperature, 

while chain-folded crystals can experience reorganization upon heating.237 The Flash 

DSC’s large scanning rate time scales allows for in-depth analysis of the heating rate 

dependence of melting, which can then confirm heating rates at which no reorganization 

occurs.238 It is also possible to calculate the activation energy associated with detaching a 

crystalline stem which is dependent on the chain folding.239 Studies on chain-extending 

P3HT and chain-folded P3HT can provide further insight into the crystal microstructure. 



 Chapter 2. Fast Scanning Calorimetry 
 

126 
 

Then the experiments could be extended to hairy-rod polymers to see if they behave like 

chain-extended crystals or something entirely different.  

2.5.2 Future Work: Liquid Crystalline Hairy-rod Polymers 

Several hairy-rod polymers were investigated for their glass transitions and side-chain 

ordering. However, like seen in PIDTBT, they also exhibit a high temperature liquid-

crystalline-like melting. This liquid-crystalline is a main contributor to the increase 

performance of these polymers especially in OFETs. However, next-generation OPV 

materials include polymer like PM6 which have rigid backbones with some weak long-

range ordering. These materials can be expected to exhibit liquid-crystallinity as well, and 

therefore knowledge of how to thermally induce the ordering would be advantageous for 

processing. With the ability to vitrify or order hairy-rod polymers in the Flash DSC, it can 

be combined with polarized microscopy and x-ray techniques to analyze the phase behavior 

and whether the backbone or side-chains participate in these liquid crystals.  

2.5.3 Conclusions 

The Flash DSC 1 has commercialized fast scanning calorimetry and as a result has opened 

the door to many experimental techniques and information on polymers. With this, phase 

information like the glass transition of conjugated polymers is now accessible. During the 

processing of conjugated polymers, annealing steps generally take place both to remove 

residual solvent and improve crystal structure. Now with knowledge of the glass transition 

temperature, more deliberate annealing temperatures and times can be utilized. 

Additionally, tracking the glass transitions of several conjugated polymers allows for 

empirical relationships between Tg and chemical structures to supplement other structure-

property relationships. 
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In this thesis, we explored conjugated polymers for OPVs, OFETs, and OECTs, and the 

factors that affect thermal stability, mechanical ductility, and segmental motion. The glass 

transition temperature is a large contributor to each of these processes, but more 

importantly we looked at how the side-chains affect the Tg and these other processes. In 

OPVs, with the presence of UV-light, the side-chains have the ability to crosslink and 

therefore quench the PL intensity. Even if the glass transition temperature of the backbone 

is sufficiently high, the side-chains are still mobile and therefore affect device performance. 

In OFETs and hairy-rod polymers, the high rigidity of the backbone combined with long, 

linear side-chains can form local ordering of the side-chains known as side-chain crystals 

or side-chain ordering. These side-chain crystals will decrease the mechanical ductility of 

the overall material as it hinders segmental motion of the backbone even above the Tg. 

Additionally, the formation of the side-chain crystals is sensitive to several factors. 

Torsional rotation of the backbone and addition of fullerene derivatives that intercalate 

with the side-chains will disrupt the side-chain ordering. In OECTs, the side-chains are 

responsible for the solvent and electrolyte miscibility and therefore contribute to ionic 

mobility. In a series of ProDOTs, we found that the side-chain length is the primary 

contributor to backbone plasticization and that branching and polarity effects are 

negligible. With the wide range of Tgs accessible, we compared the electrochemical 

switching time with Tg and found no relation between the two. At least for ProDOT-based 

devices, the ionic mobility appears to not be limited by the segmental motion of the 

backbone. The switching kinetics of OECTs may be controlled by several factors including 

Tg, volumetric swelling, crystallinity, and more. Overall, the side-chains of conjugated 

polymers may not participate in the electronic processes of devices, however they heavily 
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influence local ordering, thermal stability, and mechanical properties and careful design of 

the side-chains is critical in next-generation polymers. 

In addition to measuring the glass transition temperatures and side-chain ordering of 

conjugated polymers, we also utilized the Flash DSC 1 to analyze crystallization kinetics. 

The fast cooling rates allow for a new method of measuring the crystallization kinetics of 

polymers instead of the half-time of crystallization measured in conventional DSC. The 

rapid cooling allows for vitrification to occur and then the characteristic crystallization 

times can be decoupled into homogeneous and heterogenous nucleation. Rapid cooling 

rates also allows for more precise replication of thermal histories in 3D printed or melt-

quenched polymers as they experience fast cooling rates as well. The extension of the 

crystallization times to a TTT diagrams also allows for easy prediction of the phases after 

a given thermal history.  

In conclusion, fast scanning calorimetry has helped analyze the glass transitions and other 

low-resolution thermal transitions of conjugated polymers. This now accessible 

information will greatly supplement their structure-property relations and aid in the 

development of next generation conjugated polymers. Additionally, the fast heating and 

cooling rates allows for the formation of several different macroconformations of polymers 

and analysis of the kinetics of each phase. The field of polymer physics can greatly benefit 

from these new measurements and techniques.  
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2.6 Appendix 

2.6.1 Appendix A: Chemical Structures 
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2.6.2 Appendix B: PA12 Supplemental Graphs 

The following graphs are the full series of isotherms for the PA12 characteristic times of 

crystallization. The total area changes are plotted and extrapolated to zero like in Figure 

2.35 to get the data points for Figure 2.36. Aging times are indicating from the transition 

from dark blue to dark red and annealing times are listed for each set of thermograms on 

the left side. Plotting all heating curves clearly shows the transitions from enthalpic 

relaxation, nucleation, and crystallization as low temperature endotherms, cold-

crystallization endotherms, and high temperature endotherms, respectively. 
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