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ABSTRACT 

Terahertz Spectroscopy of Soft Condensed Matter: Single Methyl Branched n-alkanes 

and Plastic-Crystals 

by 

Daniel Vincent Nickel 

Terahertz time-domain spectroscopy has long been recognized as a valuable tool for 

characterizing the far-IR range (0.1 THz to 10 THz) properties of innumerable condensed 

phase materials. Soft condensed matter, a broad subcategory of condensed matter, 

encompasses thermally and/or mechanically deformable phases such as liquids, liquid-

crystals, plastic-crystals, and polymers. With comparatively more internal degrees of 

freedom and weaker atomic/molecular interactions, complex phase behavior and 

dynamics often emerge in these materials, which generally have not been explored in the 

THz range. Here, temperature-dependent THz-TDS is applied to three soft condensed 

matter systems. Using a custom designed reflection geometry spectrometer and a novel 

variable path length liquid sample cell, the isotropic polarizabilities of liquid phase 

methyl-branched n-alkanes and their linear structural isomers are characterized and 

compared in the THz range. In addition, the plastic-crystal’s succinonitrile and camphor 

are studied using transmission geometry THz-TDS. The THz range properties and 

dynamics characterized in these studies, from the structure-dependent isotropic 

polarizabilities of prototypical liquid hydrocarbons to the complex disorder/order 

transitions and correlated molecular dynamics of plastic-crystals, provide valuable 

fundamental insight into the behavior of soft condensed matter systems. 
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Chapter 1 

Introduction 

Spectroscopy in the terahertz (THz) frequency range, which extends from roughly 

100 GHz to 10 THz, encompasses a wide range of dynamics, from the rotational 

transitions of molecular gases [1,2] to the complex intramolecular modes of biological 

molecules [3], the long-range vibrational  modes of molecular crystalline materials [4-6], 

and the intermolecular interactions of polar and non-polar liquids [7,8]. In this sense the 

THz regime is effectively mesoscopic in nature; it encompasses a broad spectrum of 

physical phenomena and, incidentally, it also effectively connects the electronic and 

optical frequency regimes. Consequently, the terahertz range’s mesoscopic nature has 

been both a blessing and a curse. Generation and detection has been difficult in the past, 

requiring, for example, bulky gyrotron’s [9] or difference-frequency generation between 

two ruby-lasers [10] for generation and cryogenically-cooled bolometers or golay cells 

for detection [11]. In most cases, the sources were often limited to effectively single 

(CW) frequencies and detection required high average powers. This lack of technology 

earned this frequency region the moniker, the ‘THz gap’ and to this day the term is still 

prevalent, although it could probably now be considered a pseudonym. It was not until 

the development of ultrashort (fs) pulsed lasers, beginning with dye lasers [12,13] in the 

70’s and 80’s and subsequently Ti: sapphire lasers in the 90’s [14], that generation of 

broadband THz pulses on an laboratory optical table became feasible, facilitated by the 

development of photoconductive (PC) switches [15, 16]. Among the many other 

applications of PC switches and ultrafast lasers, their combination allowed for the first 

instances of the spectroscopic method deemed Terahertz Time-Domain Spectroscopy 
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(THz-TDS) [1,2,8]. With THz-TDS, the time-domain waveform of the THz pulse can be 

measured by controlling the optical path length of a near-IR probe pulse (co/counter-

propagating with the THz pulse) which is incident upon another PC switch or 

propagating through an electro-optically active crystal (EOS) [17]. The produced current 

or polarization rotation, respectively, is proportional to the amplitude of THz electric 

field. Since the electric field is measured directly, both the spectral amplitude and phase 

information are recovered. In contrast, traditional spectroscopic techniques only measure 

the intensity and, as a consequence, the phase information is lost, requiring Kramers-

Kronig analysis to recover [18]. In addition, often the THz signal is modulated to allow 

for lock-in detection, effectively suppressing incoherent noise from the measurement and 

allowing for a signal to noise ratios of typically >104. Hence, THz-TDS is an incredibly 

powerful and versatile spectroscopic technique for probing the THz range properties of 

many materials, among other applications, and is central to this thesis. 

 

 1.1 Scope of this thesis  

The focus of this doctoral thesis centers on the use of THz-TDS to probe the 

temperature-dependent THz range behavior of soft condensed matter, specifically non-

polar liquid phase single methyl-branched n-alkanes and the molecular plastic-crystals 

succinonitrile and camphor. Additionally, much of the thesis work included the design 

development of a custom reflection geometry THz-TDS setup which is detailed in 

Chapter 3. 



    3     

In Chapter 2 the motivations behind studying these materials are outlined, their 

fundamental theoretical responses to electromagnetic pulses are detailed, and relevant 

background studies are reviewed. 

In Chapter 3 the fundamentals of THz pulse generation and detection are described, 

including the experimental methods and analysis required to extract the relevant material 

properties. In addition, the transmission and reflection geometry THz-TDS setups used in 

the experiments are outlined. 

In Chapter 4, temperature-dependent THz-TDS of single methyl branched n-alkanes 

is described. In this experiment, it is demonstrated that the empirical group additive 

approach can still be used to adequately characterize the isotropic molecular 

polarizabilities of single methyl branched alkanes in the THz range, regardless of the 

backbone chain length or position of the methyl branch on the chain. In addition, the 

measured polarizabilities are compared to those predicted using the empirical group 

additive approach, an ab initio bond additive model, and density functional theory (DFT) 

simulations performed by collaborators [19]. 

In Chapter 5, temperature-dependent THz-TDS of lithium salt-doped succinonitrile, a 

compound of interest for use as a solid-state electrolyte, is described. Specifically, the 

THz spectra of the molecular plastic-crystal (PC) succinonitrile (SN) are measured in 

both its high-T orientationally-disordered PC phase and its low-T ordered crystal (OC) 

phase. In addition, the effects of ionic dopants on its THz range spectra are also 

investigated. In its PC phase it is shown that its THz range conductivity non-intuitively 

decreases with the addition of ionic dopants, opposite of their behavior in the DC and low 

frequency regimes. The ionic contributions to its THz range conductivity are determined 
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to be negligible and instead the behavior is attributed to a Debye-like relaxational 

process, which is hindered by the presence of the ionic dopants [20].  Additionally, in its 

OC phase lattice phonon modes are observed and are suppressed in the presence of the 

ionic dopants. The measured phonon modes in pure, undoped, SN are compared to solid-

state DFT simulations performed by collaborators [21]. 

In Chapter 6, temperature-dependent THz-TDS of the chiral molecular plastic-crystal 

camphor is described. In this experiment, the THz spectra of both homochiral (a single 

chiral species) and racemic (a ~1:1 mix of chiralities) camphor are measured. Their PC 

phase spectra are virtually indistinguishable, containing a single very broad absorption 

feature. As the racemic camphor cools through a solid-solid phase transition into an 

orientationally-disordered glassy-crystal, the broad absorption feature persists. In 

contrast, upon cooling the homochiral samples undergo a solid-solid phase transition into 

a completely-ordered molecular crystal where the broad absorption feature disappears. 

Instead, lattice vibrational modes are observed, typical of ordered molecular crystals in 

the THz range. These phonon modes are compared to those predicted via solid-state DFT 

simulations performed by collaborators; whereas the broad absorption feature is 

characterized using both phenomological and ab initio theoretical approach [22]. 

In Chapter 7, the experimental results are summarized and future experimental 

directions are discussed. 
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Chapter 2 

Background 

Characterizing the optical properties of condensed matter through spectroscopy or 

other means is of great importance, whether to improve materials for specific applications 

or to increase our fundamental understanding of matter itself. The bulk of this thesis work 

concerns primarily ‘soft’ condensed matter, a subcategory of condensed phase materials 

which are easily deformed by thermal or mechanical stresses and fluctuations: some 

general examples include liquids, polymers, liquid-crystals, and plastic-crystals. While 

there are many studies regarding these materials utilizing other experimental methods and 

in other spectral ranges, in general there is a lack of information on these materials in the 

THz spectral range. This is especially true regarding the direct measurement of their THz 

range refractive indices, mostly due to the relative adolescence of THz-TDS, and is 

especially true for plastic-crystalline materials. An interesting characteristic inherent in 

these soft condensed phases is the lack of long-range order, whether complete like in 

liquids and polymers (where there is no translational or rotational long-range order) or 

partial, like in plastic-crystals and liquid-crystals (where there is either rotational or 

translational disorder with complementary translational or rotational order, respectively). 

In some cases, plastic-crystal phases have also been deemed rotor phases due to their 

rotational disorder. The partial or complete structural disorder inherent to all of these 

phases is usually a consequence of comparatively weaker interactions between their 

constituent structural units, be it atoms or molecules, often resulting in increased internal 

degrees of freedom. Hence, their often deceptively simple molecular structure belies their 

complex behavior in bulk form, often exhibiting multiple phase transitions into states 
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with varying levels of order (or disorder), states whose behavior and dynamics are often 

very difficult to predict. Figure 2-1 shows examples of the conceptual structures and 

‘free’ degrees of freedom in some of the soft condensed phases. 

Figure 2-1. Conceptual drawings of a few ‘soft’ condensed phases, all with varying degrees of 

disorder [153]. 

 

Temperature-dependent THz-TDS is uniquely suited to probe the high frequency 

dynamics and ordered-disordered transitory phase behavior of these complex ‘soft’ 

materials. THz-TDS has already provided valuable insight into many disordered 

condensed phase materials including glasses [24-26], polymers [23] and liquids [27-29]. 

Potentially interesting dynamics, universal to disordered materials, often manifest 

themselves in the THz/far-IR range, such as disorder-induced coupling of localized 

vibrational modes to photons [30], the Poley peak in liquids [31], and the Boson peak in 

amorphous solids [31]. On the other hand, THz-TDS has also been demonstrated to be an 

extremely useful tool for the characterization of long-range lattice vibrational modes in 

completely ordered materials, specifically molecular crystals [33-35]. Therefore, the 

THz-TDS investigation of soft condensed matter has the potential to provide valuable 

fundamental insight into the intermolecular interactions and dynamics of these complex 

materials. 
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First, in order to determine the behavior of any material in response to EM radiation, 

Maxwell’s equations must be used; combined using vector identities and the Lorentz 

force law to form the generalized wave equation [36]. Assuming the free current density 

is linear with the electric field, E (that is, neglecting nonlinear optical effects), and the 

divergence of the free charge density is negligible, the generalized wave equation for E 

can then be simplified to:  

 2

2
2

t

E

t

E
E

∂

∂
+

∂

∂
=∇ εµσµ .       (1) 

Using the above wave equation, the goal is to determine the values of the electrical 

conductivity, σ, the relative permittivity, ε, and permeability, µ, of the material through 

which the electromagnetic wave propagates. One solution of the wave equation above is a 

monochromatic plane wave, which is linearly-polarized, of the form: 

 ( ) ( )trkieEtrE ω−•=
rrr

0, .        (2) 

By substitution back into equation 1, the dispersion relation of the material can be 

determined. Since in this thesis the materials measured are generally non-magnetic 

(µ≈µ0), the complex wavenumber k can be related to the complex index n through the 

simple relation: 

 ( )κ
ωω

in
c

n
c

k +== ~~
.        (3) 

Since ñ is complex, it contains both the dispersive (real, n) and absorbing (imaginary, κ) 

components of the material’s response. With both n and κ, the complex dielectric 

function of the material or alternatively its complex conductivity is fully determined since 

[37]: 

 ( ) κκεεε nini 2~ 22
21 +−=+=       (4) 
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and 

 ( )1~
102021 −−=+= εωεωεεσσσ ii .      (5)  

Here, ε0 is the permittivity of free space. The analysis necessary to determine the 

materials’ n(ω) and κ(ω) from THz time-domain waveforms will be detailed in Chapter 

3.   

 

2.1 Dielectric and far-IR spectra of soft condensed matter 

The condensed phases of matter are by their very nature correlated, many body 

systems. In these phases, short-range attractive potentials dominate thermal and kinetic 

energies and, consequently, the bulk materials condense into liquid or solid phases with 

densities multiple orders of magnitude greater than their gaseous phases. For the purpose 

of this thesis these condensed phases can be categorized by comparing their level of order 

(or disorder).  On one side are liquids, where their thermal/kinetic energies are 

comparable or greater than their short-range attractive potentials, often allowing for 

quasi-free molecular motion and, consequently, the lack of long-range order. On the other 

side of this order/disorder spectrum are crystalline solids, where short-range attractive 

forces dominate and, as a consequence, there is long-range orientational and translational 

order. Not surprisingly, for these two different condensed phase regimes, the theoretical 

models used to predict the behavior of their permittivity stem from different origins: from 

simplistic models such as the diffusive reorientation of a single dipole embedded in a 

‘viscous’ background to rigorous quantum mechanical simulations of extended 3D 

molecular crystalline structures. Given the partially-disordered nature of the soft matter in 

this study and the mesoscopic nature of THz radiation itself, theoretical models from both 
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the ordered and disordered regimes must be utilized in order to completely characterize 

their complex behavior. As such, of the innumerable models developed to theoretically 

predict or empirically characterize the permittivity of condensed phase materials, the few 

below are most relevant to this thesis. In general, consistent theoretical descriptions for 

the behavior of the partially-disordered plastic-crystals in the far-IR/THz range are 

lacking and, in the past, have been adapted directly from the behavior of liquid phase 

materials, primarily polar liquids. 

 

2.1.1 Polar and non-polar liquids 

On the disordered side of this condensed phase spectrum are liquids, which could be 

considered the most disordered of the ‘soft’ condensed phases. Debye was the first to 

develop an analytical model for the permittivity of polar liquids by considering the 

reorientational relaxation of a dipole, embedded in a continuous viscous background, 

which reacts to an external time-dependent electric field using the Langevin equation 

[38]. His work led to the expression: 

 ( )
ωτ
εε

εωε
i

s

+

−
+= ∞

∞ 1
~         (6)  

where εs is the static or zero-frequency permittivity of the liquid, ε∞ is the high-frequency 

permittivity limit of the liquid, and τ is the characteristic time constant representative of 

the bulk viscous background which retards the dipole’s reorientation (through collisions). 

For this analytical solution, several simplifying assumptions were made to the Langevin 

equation to obtain equation 6: dipole-dipole interactions are ignored, Brownian motions 

of the solvent molecules (which stochastically change the direction of the dipole) are 

represented as a ‘white noise’ torque, and the dipole reorients instantaneously (no inertial 
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effects). This situation is experimentally realized, quite effectively for lower frequencies 

(<100GHz), by solvating a very low concentration of polar molecules in a non-polar 

solvent. To address some of the unavoidable discrepancies between theory and 

experiment due to its many assumptions, equation 6 has been phenomologically modified 

by (among others) Cole and Cole [39], Cole and Davidson [40], and finally by Havriliak 

and Negami [41] to: 

 ( )
( )[ ] αβωτ

εε
εωε

−
∞

∞
+

−
+= 1

1
~

i

s        (7) 

where the parameter τ is now considered to be the mean value of a distribution of Debye 

relaxation times and the parameters β and α characterize the distribution’s width and 

asymmetry, respectively. Equation 7 is plotted in Figure 2-2 using the various values of β 

and α. The Debye equation and its  modifications have been used, to a surprising degree 

of success, to characterize solid-phase materials at lower frequencies well: some relevant 

examples include polymers [41,42] and plastic-crystals [43,44]. 
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Figure 2-2. Equation 1 plotted with various values of the parameters β and α. 

 

Realistically, the Debye equation begins to break down when ωτ is >>1. This general 

corresponds to when the previously ignored molecular inertial effects become non-

negligible. This problem manifests itself at very high frequencies where the Debye theory 

incorrectly predicts a non-zero plateau in the absorption. Ideally, as ω→∞, the absorption 

should asymptotically approach zero (complete transparency). When inertial effects are 

taken into account in the Langevin equation it becomes analytically unsolvable. 

Consequently, numerous approximate solutions have been developed in order to account 

for inertial effects [38]. In these various approximate solutions, the ‘inertial roll-off’ of 

the Debye absorption seen in most materials as ω→∞ is correctly accounted for. 

However, in many materials, resonant processes also begin to manifest themselves in 

their higher frequency far-IR/THz range spectra, rendering the Debye description 
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ineffective. One such resonant process is an anomalous peak which appears in the far-IR 

spectra of many non-polar and polar liquids. Figure 2.3 shows an example of this 

anomalous peak in chlorobenzene and also shows chlorobenzene’s predicted Debye 

behavior with/without inertial effects. 

 

Figure 2-3. Microwave and far-IR absorption spectrum of chlorobenzene courtesy of Chantry [38]. 
 

 The anomalous far-IR peak in liquids has been deemed the Poley peak [45] after the 

investigator who first surmised its existence [46]. Historically it has been attributed to the 

correlated dynamics (rotations or librations) of the molecules’ permanent and/or induced 

dipole moments. It has also been characterized by using the now defunct (at least in 

terminology) ‘liquid lattice’ theory, where the Poley peak is simply a sum of a liquids’ 

extremely broadened ‘crystal lattice’ modes; modes in the liquid’s theoretical limit of 

complete translational order [47]. More recently, a generalized approach has been used 
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which utilizes the dipole correlation function and Mori continued fractions [48] to 

phenomologically characterize the Poley peak. With this method, the second order 

expansion of the Mori memory kernel can be equated to the experimental observables 

n(ω) and α(ω) using the relation: 

 ( ) ( )
( ) ( )2

21
222

1
2

21

KKK

KK

c
n

−−+−

∆
=

ωωωγ

γε
ωωα            (8) 

where ∆ε=εs-ε∞, the difference of the static and high frequency permittivity limits of the 

liquid in question. The parameter K1 can be related to dipolar angular momentum while 

K2 and γ can be related to the amplitude and damping constant of the intermolecular 

torque correlation decay function, ( ) teKtK γ−= 22 . Equation 8 has been used to effectively 

characterize the Poley peak in many non-polar liquids [49] and has even been used in 

recent THz-TDS studies [50, 51].   

Finally, in non-polar liquids there is no contribution to their far-IR spectra from a 

Debye-like relaxation since the molecules have negligible dipole moments. In some 

cases, if there is also negligible contributions from any Poley peak-like resonance or 

intramolecular modes in their measured spectral window (resulting in relatively 

dispersionless spectra), their measured macroscopic permittivities can be directly related 

to the isotropic molecular polarizabilities, αP, of the individual molecules using the 

Lorentz-Lorenz relation [52]: 
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        (9) 

where NA  is Avogadro’s number, M is the molecular mass, and ρ(T) is the temperature-

dependent density of the liquid in question. Since the liquid in question is non-polar, 

generally ε1>>ε2 (n>>κ) and therefore ε2 can be ignored. In this work, the isotropic 
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polarizabilities are presented in the CGS units of polarizability volume (cm3). 

Interestingly, non-polar liquids also exhibit an albeit small but non-zero 

extinction/absorption coefficient, despite their practically negligible dipole moments. 

This small absorption is considered to arise from temporary (collision-induced) dipoles 

and higher-order multipoles [53].   

 

2.1.2 Ordered molecular crystals 

Since the plastic-crystals explored in this thesis also exhibit completely-ordered 

phases at low temperatures, the other end of the ordered/disordered spectrum, long-range 

translationally and orientationally-ordered crystals, must be included. Specifically in the 

far-IR/THz range, organic and biological molecular crystals often exhibit multiple long-

range lattice vibrational modes, i.e. phonon modes, in their spectra. This has led to 

innumerable THz spectroscopic studies of molecular crystals over the years since an 

abundance of molecular crystals show rich and very distinct phonon spectra, or 

‘fingerprints’, in the THz range [54]. These characteristic resonant modes have been 

recognized as a unique way to identify illicit materials, such as explosive [33] and drugs 

[34], While these modes are usually straightforward to measure experimentally, their 

accurate ab initio prediction and subsequent assignment to their originating molecular 

motion has proven to be a significant theoretical and computational challenge. For 

reference, in the higher frequency, mid-IR range the resonant absorptions which appear in 

most organic and biological molecules’ spectra can generally be attributed to the 

localized vibrational modes of single molecules, i.e. intramolecular modes which 

originate from the stretching and bending of its bonds. In addition, these modes are only 
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weakly influenced by the molecules local environment. However, as the frequencies 

decreases into the THz range, intermolecular interactions become increasingly significant 

and longer ranged, especially in materials where the atoms in the unit cells have weak 

interactions when compared to covalent or ionically-bonded crystals. As a consequence, 

the methods required to accurately predict these long-range multi-molecule correlated 

motions become correspondingly more complex, requiring rigorous and computationally 

demanding quantum mechanical simulations of extended 3-D molecular crystalline 

structures. As an example, even van der Waals dispersion forces with interaction 

strength(s) orders of magnitude smaller than permanent dipolar interactions have proven 

to be non-negligible in this frequency range; in order to improve the accuracy of the 

simulations semi-empirical corrections for the London dispersion forces must be included 

[55]. This indicates the necessity of continued experimental characterization of molecular 

crystals in the THz range, in general, to help iteratively improve theoretical methods. 

Presently, Density Functional Theory (DFT) [56], using software such as Crystal09 [57] 

or Gaussian09 [58] (among many others), is a commonly used computational route for 

predicting the far-IR spectra of molecular crystals.  
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2.2 Relevant materials 

Below are the three soft condensed matter systems which are explored in this thesis.  

 

2.2.1 The n-alkanes and their single-methyl branched isomers 

 

Figure 2-4. Example of the general molecular structure of the n-alkanes (shown here: n=5, pentane). 

 

The n-alkanes, or paraffins, are a homologous series of linear, non-polar, saturated 

hydrocarbons, with the general formula CnH2n+2 [59]. The alkanes with 5 to 17 carbons 

form a non-hydrogen bonding van der Waals liquids at room temperature. Figure 2-4 

shows their general molecular structure. These deceptively simple hydrocarbons form the 

basis of innumerable organic and biological compounds. Besides their importance to the 

petrochemical and pharmaceutical industries, characterizing the behavior of these simple 

hydrocarbons is also relevant for understanding the phase behavior of lipid membranes 

[60] and the growth and morphology of polymers [61]. Their phase behavior in bulk is 

quite complex, with the longer chain lengths (Nc>17) exhibiting intermediate metastable 

and stable rotor phases upon cooling or heating through their respective liquid-solid 

phase transition temperatures [62]. While there are many previous studies of the n-

alkanes using other experimental methods, such as IR spectroscopy [63], dielectric 

[64,65], Raman scattering [61,66], and X-ray scattering [67], there is a considerable lack 

of spectral information in the THz spectral range, with most studies lacking 



    17     

measurements of n(ν).  Even more importantly, the studies do not utilize one major 

advantage of using such a prototypical homologous series. The structures of the n-

alkanes, differing only by the number of carbons in their linear chains, provide an 

excellent ‘molecular scaffolding’ to study their structure-dependent behavior by simply 

iterating the number of methanediyl (-CH2) groups in the molecules, i.e. their carbon 

chain length, or by adding a functional group while keeping all other experimental 

parameters, such as temperature and pressure, constant. Specifically, there are a few 

previous THz-TDS studies of n-alkanes [69,70] but none, until recently, have utilized the 

scaffold-like nature of the n-alkanes structures as an experimental parameter.  

Recently, the temperature-dependent THz range liquid phase spectra of the linear n-

alkanes were measured for n=5 to 16 carbons [28]. In this study, the THz spectra of the n-

alkanes were measured as a function of the number of carbons in their hydrocarbon 

chain. Their THz range indices of refraction, n(ν), were shown to be non-dispersive from 

0.2 to 2.75 THz (Figure 2-5, top left). With increasing carbon chain length, their index of 

refraction increases non-linearly (much like their other physical properties such as 

density, viscosity, etc), behavior which is typical of homologous series (Figure 2-5, top 

right) [59]. However, their absorption spectra, originating from collision-induced dipoles, 

are virtually indistinguishable (Figure 2-5, bottom center) and display no measurable 

chain length dependence. 
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Figure 2-5. Top left: n(ν) of the linear n-alkanes for 5 to 16 carbons. Top right: n @ 1 THz vs. # of 

carbons. Bottom center: α(ν) of the linear n-alkanes for 5 to 16 carbons. Plots courtesy of Laib and 

Mittleman [74]. 

 

From the results, n(ν) has negligible dispersion and since n>>κ in this spectral range, the 

Lorentz-Lorenz equation (equation 9) can be used to extract the isotropic (orientation-

averaged) polarizabilities of the individual molecules. These polarizabilities are plotted in 

Figure 2-6 as a function of the number of chain carbons, showing a linear dependence 

with increasing chain length. This linear dependence can be characterized by using an 

empirical group additive approach [65], where their total isotropic molecular 

polarizabilities are divided into additive contributions from its molecular subunits, in this 
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case, the methyl groups, α3, and the methanediyl groups, α2, where Nc is the total number 

of carbons in the molecule (equation 10). 

 23 )2(2 ααα −+= CP N        (10) 

 

Figure 2-6.  The isotropic molecular polarizabilities of the linear n-alkanes vs. the number of carbons 

in their chains. Inset: The extracted values of α3 and α2 plotted vs. temperature. Plots courtesy of Laib 

and Mittleman [74]. 

 

The results of Laib and Mittleman reveal this very simple additive approach is still a 

viable alternative to accurately predict a non-polar molecule’s αP in the THz range. This 

reveals the THz frequency range is an ideal window on the additive behavior of these 

molecules’ mean molecular polarizabilities since they exhibit very low absorption (<1 

cm-1), with no measurable resonant features below a few THz, and as a result their 

dielectric behavior is essentially dispersionless. This allows for the accurate 

determination of their mean, isotropic, molecular polarizabilities. Of course, the additive 

properties of molecular subunits (atoms, bonds, groups) have already been recognized as 

a useful tool for more than a century [71]. Even so, many empirical and theoretical 
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additive models are still relevant in computational physical chemistry today [72-78], 

mostly due to the significant decrease in computational costs compared to more rigorous 

ab initio methods. Typically, experimental verification of a theoretical model of 

molecular polarizability relies on the measurement of a material’s index of refraction in 

the visible spectral range. Here, THz-TDS presents an interesting and perhaps 

advantageous alternative to optical methods since it is inherently a phase sensitive 

measurement. 

To test the limits of the empirical additive approach used by Scaife [65] and, more 

recently, Laib and Mittleman [74] further in the THz range, single-methyl branched 

alkanes present the next logical progression for a systematic structural study of these 

prototypical molecules. The single-methyl branched alkanes are structural isomers of the 

linear alkanes, with the same general formulas, but contain an additional methyl group 

branched from one of the carbons in their linear chain ‘backbones’ (Figure 2-7). The 

systematic study of their THz range polarizabilities will be detailed in Chapter 4. 

 

Figure 2-7. Three examples of the linear n-alkanes with their corresponding branched structural 

isomers. 

 

Linear  

C16H34 

C14H30 

C12H26 

dodecane 

tetradecane 

hexadecane 

  Branched  

3-methylundecane 

2-methyltridecane 

2-methylpentadecane 
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2.2.4 Succinonitrile                  

 

Figure 2-8.  The molecular structure of succinonitrile, a picture of ‘raw’ SN at room-T, and an XRD 

measurement at room temperature, courtesy of Bian and Zhang, confirming SN’s translational 

order. Also shown is a diagram of its PC phase unit cell. Notice the molecules in the unit cell show a 

gauche and trans conformation. 

 

Succinontrile (SN) or 1,2 dicyanoethane (C2H4(CN)2) is a translationally-ordered, 

orientationally-disordered molecular plastic-crystal at room temperature [79]. Its 

molecules’ center of masses are translationally-fixed in a crystal lattice structure but 

exhibit some form of dynamic rotational disorder. Figure 2-8 shows the molecular 

structure of SN in trans conformation as well as x-ray diffraction measurements which 

confirm the long-range translational order of its PC phase at room temperature.  It 

displays complex phase behavior, undergoing a liquid to orientationally-disordered 

plastic-crystal (PC) phase transition at TL-PC=336K (62°C) and another lower-T phase 

transition into a completely-ordered crystal (OC) phase, at TPC-OC=238K (-36°C), 

revealed by density scanning calorimetry (DSC) measurements (Figure 2-9) [80]. 
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Figure 2-9. DSC measurement of SN showing the liquid-PC phase transition at TL-PC~62°C and the 

PC-OC phase transition at TPC-OC~-36°C [147]. 

  

SN’s dynamic orientational disorder, indicative of a PC or rotor phase, arises from 

rotation of its central carbon-carbon bond, allowing for gauche-trans and trans-trans 

isomerization dynamics while the molecules are translationally-fixed in a bcc structure. 

The rotational dynamics of its PC phase have been confirmed using dielectric relaxation 

[81], depolarized Rayleigh scattering [82,83], optical Kerr effect [84,85], and incoherent 

quasi-elastic neutron scattering (IQNS) [86,87]. Conversely, in its low-T OC phase, SN 

forms an orientationally and translationally-ordered crystal with monoclinic unit cells and 

primarily gauche conforming isomers [88,89]. The work reported in this thesis represents 

the first THz range investigations of SN in either of its condensed phases. 

SN has garnered considerable interest for its possible use in solid-state power sources 

[90-92]. With its relatively low melting point and high liquid phase static dielectric 

constant (ε0=55) [92], lithium salts commonly used in electrolytic power sources can be 

easily solvated into molten SN by simple mechanical mixing. In SN’s PC phase, the 

solvated (cat/an) ions can easily diffuse through its static translationally-ordered 
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structure. As a result, these Li-salt ‘doped’ samples of SN display orders of magnitude 

increases in their DC ionic conductivity relative to its intrinsic conductivity [93,94]. This 

makes it a particularly appealing class of solid-state electrolyte, for both its ease of 

manufacturing and the mechanical deformability afforded by its ‘soft’ wax-like PC phase. 

Given this interest, there have been a few studies concerning Li-salt doped SN’s long-

range DC ionic conductivities and its low frequency permittivities (<3GHz) [43,44]. 

However, currently there have been no studies of their high frequency THz range 

permittivities. Therefore, a temperature-dependent THz-TDS study of SN is a worthwhile 

endeavor in order to explore the behavior of its THz range conductivity after ionic 

doping. In addition, the exploration of its complex phase behavior and the THz range 

dynamics of its PC and OC phases will provide valuable insight into the fundamental 

properties of the partially-disordered and completely-ordered phases of soft matter. This 

study is detailed in Chapter 5. 

 

2.2.3 Racemic and homochiral camphor 

 

  

Figure 2-10. The molecular structure of camphor’s enantiomers R(+) (left) and S(-) (right).  

  

Camphor (C10H160) is another plastic-crystal, much like succinonitrile, which 

displays complex phase behavior, including multiple solid-solid phase transition(s) from 
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partial to complete order [79]. Figure 2-10 displays the structure of both enantiomers of 

camphor. In its PC phase, the camphor molecules can quasi-freely rotate, due to their 

approximately spherical (globular) shape, while their center-of-masses are spatially-fixed 

in a hexagonal unit cell. In contrast, SN’s rotational dynamics only occur between its 3 

fixed conformations by the internal rotation of its central C-C bond, in contrast to 

camphor’s whole molecule rotation.  

 

Figure 2-11. Cp vs. T of homochiral (solid) and racemic (dashed) camphor showing their phase 

transitions [95]. 

 

An important factor which influences camphor’s general behavior is its chirality, 

which complicates its low-temperature phase behavior and is dependent on the ratio of its 

two enantiomers in a bulk sample. Racemic and homochiral camphor’s phase transitions 

can be seen in Figure 2-11, a plot of their heat capacities, Cp, vs. T. Samples containing 

only right or left-handed enantiomers (homochiral) undergo a first-order solid-solid phase 

transition into an orientationally-ordered crystal (OC) at TPC-OC=244K (-30°C) [96]. 

Conversely, samples containing both enantiomers (racemic~1:1 ratio) undergo a higher-

order solid-solid phase transition into an orientationally-disordered glassy crystal (GC) 
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phase at a lower TPC-GC=190 to 210K (-84 to -74°C). In this GC phase, the four molecules 

in its orthorhombic unit cell can orient themselves into one of four fixed arrangements, 

arrangements which are random with respect to their neighboring unit cells [97]. 

Essentially, the orientational disorder is fixed in its low-T GC phase, in contrast to the 

dynamic rotational disorder of its PC phase.  In other vernacular, its orientational-disorder 

is ‘frozen-in’ or ‘quenched’ compared to its PC phase. Despite this difference in their 

low-T phases, racemic and homochiral camphor’s higher-T PC phase(s) are effectively 

equivalent, with identical hexagonal unit cells and rotational dynamics [79]. Figure 2-12 

shows the unit cell of the low-T GC phase of racemic camphor, for 1 of 4 of its possible 

arrangements, and the one possible unit cell of the low-T OC phase of homochiral 

camphor. 

                             

Figure 2-12. Unit cells of the low-T phases of racemic (left) [97] and homochiral (S-) (right) [96] 

camphor. For racemic camphor, the unit cell shown is 1 of 4 possible unit cell arrangements. 

 

As additional points of interest, neutron scattering measurements of camphors’ high-

T PC phase(s) show a curious excess feature in its phonon density of states in the 0.75 to 

3 THz range [98] whose specific origin(s) has not been identified (Figure 2-13). 

Additionally, Raman [99] and far-IR [100] studies have also revealed multiple resonant 

features in the same approximate range in homochiral camphor’s low-T ordered crystal 
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phase(s). However, the specific molecular origins of these resonant features also remain 

unexplored.  

 

Figure 2-13. The phonon density of states of camphor determined from IQNS [98]. Small dotted and 

continuous vertical lines above frequency axis mark resonances from far-IR and Raman studies. 

 

Thus, camphor is another soft condensed matter system worthy of a temperature-

dependent THz-TDS investigation, in order to explore its complex order/disorder 

dynamics and phase behavior. This study is detailed in Chapter 6. 
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Chapter 3 

Terahertz time-domain spectroscopy: generation, detection, and analysis 

 

Traditional terahertz time-domain spectroscopy (THz-TDS) requires an optical setup 

with two separate beam paths. Ultrashort optical pulses from typically a single 

femtosecond laser are directed into the two different paths via a beam splitter. One path, 

the pump arm, is used for generation of the THz transients while the other, the probe arm, 

is used for their detection. Mirrors or a retroreflector mounted on a stepper motor 

translation stage are used to vary the time delay (optical path length) of one of the arms in 

the setup. This allows for control of the relative delay between the optical probe pulse 

and the generated THz pulse. The optical probe pulses are used to gate the THz detector, 

which facilitates the coherent detection of the THz pulses. The THz pulses are sampled at 

different points in time by utilizing the relatively shorter duration of the optical probe 

pulse, the optical delay line, and the gated nature of the detection method. At each point 

in time the measured THz electric field is averaged over many optical probe pulses 

(dependent on the repetition rate of their source). As a benefit, other sources of radiation 

out of phase with the probe pulses effectively average to zero. However, it is not a time-

resolved measurement. Fourier transformation of the resulting time-domain waveform 

yields the spectral amplitude and phase of the THz pulse, with the frequency resolution 

and bandwidth of the transform dictated by the inverse of the total time window 

measured, T, and the time resolution, ∆T=2∆x/c, respectively, where ∆x is the step size 

used in the delay line.   
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Figure 3-1. Example of a THz time-domain waveform and its corresponding amplitude and phase in 

the frequency domain. 

 

3.1 Generation and detection of terahertz radiation  

While there are many methods to generate THz radiation, such as photomixing [101], 

difference frequency generation [102], parametric amplification [103], gas lasers [38], 

backward wave oscillators [104], free electron lasers [105], nonlinear generation in an air 

plasma [106], and quantum cascade lasers [107], the methods described in this thesis 

shall be restricted to the techniques which generate and detect broadband THz radiation 

as used in table-top THz-TDS setups pumped by an unamplified laser oscillator (that is, 

at relatively low pulse energy but high pulse repetition rate).  Ultimately, the choices of 

generation and detection methods are dictated by the specifications of the ultrafast 

source(s) used and the desired experimental capabilities of the spectrometer.  

 

3.1.1 Photoconductive antennas 

Photoconductive antennas (PCA’s), or optoelectronic switches, are the most 

ubiquitous methods of THz generation [54, 108, 109], mostly due to the ease of their 

fabrication and of their optical alignment. Generally, they are comprised of a 
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semiconductor substrate with two metal electrodes attached to one surface (Figure 3-2). 

A DC bias voltage is applied to the electrodes to produce an electric field in the 

intervening gap. An ultrashort optical pulse, selected so its frequencies match or exceed 

the bandgap of the semiconductor, impinges on the semiconductor surface between the 

two electrodes. Charge carries are freed from the valence band, accelerate due to the E-

field in the gap, and then recombine on a picosecond or nanosecond time-scale. The 

resulting transient photocurrent can be approximated as a Hertzian dipole which produces 

far-field radiation described by [110]: 
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Figure 3-2. Diagram of a PC antenna with two metal electrodes (gold) and optical beam (red) 

impinging on the back face. On the opposite side, a hemispherical or hyperhemispherical lens is used 

to efficiently collect the emitted THz radiation (green).  

 

As mentioned previously, the choice of semiconductor substrate must take into 

account the wavelength of the optical pump pulses. For example, GaAs has a bandgap 

around ~850nm, making it a good choice for use with titanium-doped aluminum oxide 

(Ti:sapphire) lasers, which generally produce pulses with large spectral bandwidths 

around 800nm. Other common semiconductors choices include radiation-damaged 

silicon-on-sapphire, indium phosphide, and amorphous silicon [54, 108, 109]. 
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Additionally, indium gallium arsenide can been used in conjunction with femtosecond 

mode-locked fiber lasers at 1.55 micron (telecom) wavelengths [111]. With this method, 

the bandwidth of the THz pulse is primarily limited by the duration of the optical pump 

pulse. Another important factor, which mostly determines the efficiency of far-field 

coupling, is the geometry of the electrodes, which can range from simple strip-lines to 

interdigitated antennas with gap sizes ranging from a few µm to a few mm’s.  

A PCA can also be used for the detection of THz pulses by measuring the 

photocurrent between two unbiased electrodes. In this case, the THz pulse itself acts as 

the applied bias E-field which accelerates the freed charge carriers between the 

electrodes. When the device is synchronously gated by the optical probe pulse, the THz 

electric field accelerates the photo-induced carriers, resulting in a current which is 

measurable after current amplification and with lock-in amplifier techniques. The photo-

induced current is linearly proportional to a convolution of ETHz and the semiconductor’s 

photo-induced conductivity (more generally the detector response). Since the optical 

probe pulse is much shorter in time compared to the THz pulse, this method effectively 

measures the (quasi) instantaneous value of ETHz at their point of overlap in time, which 

can be varied using an optical delay line in the probe or pump arm of the spectrometer.  

In the receiver (unlike in the transmitter), it is crucial that the charge carrier lifetime be 

short so that the detector response is fast.  As a result, the materials used for PCA 

receivers include low-temperature-grown GaAs or radiation-damaged silicon-on-

sapphire, both of which have extremely short (sub-picosecond) carrier lifetimes as well as 

very high (transient) carrier mobility. 
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3.1.2 Optical rectification and electro-optic sampling (EOS) 

Broadband THz pulses can also be generated using nonlinear optical media via 

optical rectification of an ultrashort optical pump pulse, a non-resonant optical interaction 

in which no optical absorption or free carrier generation takes place. Through difference-

frequency mixing in a nonlinear medium, the various spectral components of a 

femtosecond optical pulse beat together to produce a nonlinear polarization transient 

which, in turn, emits radiation in the THz range. Non-centrosymmetric crystals such as 

GaAs, GaP, InP, GaSe, and ZnTe, with non-zero second order susceptibility tensors χ(2)
 , 

experience an E-field-induced second order nonlinear polarization transient described by 

[54, 108, 109]: 

 ( ) ( ) ( ) ( ) ( )tItEtEtP 22
0 )(* χχε ∝=        (12) 

When a femtosecond optical pump pulse is used, then: 
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Ideally, the bandwidth and intensity of the THz pulse is only limited by the duration and 

intensity of the optical pump pulse and the medium’s χ
(2). Of course, phase matching 

conditions between the THz and optical pulses are also very important considerations. 

Hence, the mediums’ dispersion at optical and THz frequencies and its overall thickness 

must be taken into account in order to produce a THz pulse with the desired intensity and 

bandwidth. In general, longer path lengths through an EO-crystal produce larger 

amplitude pulses, but with a significant loss in bandwidth due to insufficient phase 

matching. 

The same nonlinear media can also be used to detect THz pulses by exploiting the 

Pockels electro-optic effect, where an E-field induces a birefringence in a nonlinear 
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medium, and is effectively the inverse of optical rectification. When an optical probe 

pulse and a THz pulse overlap in time and space in an EO-crystal, the THz E-field 

induces a birefringence, which in turn affects the polarization state of the optical probe 

pulse. The induced change in polarization is effectively proportional to the (quasi) 

instantaneous value of ETHz at the time of their overlap, since again the optical probe 

pulse has a much shorter temporal width than the THz pulse. Like the PCA detection 

method, the time delay between the two pulses can be varied using an optical delay line. 

Most importantly, the induced birefringence is linearly proportional to the E-field and is 

therefore phase-sensitive. This method of detecting broadband THz radiation has been 

deemed electro-optic sampling (EOS) [17]. Like the PCA detection method, this 

technique requires mechanical or electronic modulation of the THz signal to facilitate 

lock-in detection.  

 

Figure 3-3.  Diagram of the EOS technique showing the polarization states of the probe pulse (red 

arrows and circles) without (top) and with (bottom) a concurrent THz pulse.  
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Figure 3-3 diagrams a typical EOS scheme, where a λ/4 plate and Wollanston prism 

are placed after the EO-crystal. The THz beam induces a phase change in the probe pulse 

via the Pockels effect in the EO-crystal, which can then be measured by using a λ/4 plate, 

polarizing beam splitter, and balanced photodetector.  If there is no THz pulse concurrent 

with the probe pulse in the EO-crystal, the initially linearly polarized probe pulse remains 

(ideally) linearly polarized through the EO-crystal and is converted to circular 

polarization after propagation through the λ/4 plate. Hence, its two orthogonal 

components will be equally split to the two photodetectors. However, if there is a THz 

pulse concurrent with the probe pulse in the EO-crystal, the initially linearly polarized 

probe pulse will become elliptically polarized, which will change the relative power 

measured between the probes orthogonal components after the polarizing BS. Since, with 

the Pockel’s effect, the induced birefringence is linearly proportional to the E-field, then 

the difference voltage measured from the balanced photodetector is also linearly 

proportional to ETHz at τ, the relative time delay between the probe and THz pulse. 

  

3.2 Transmission geometry THz-TDS 

In order to determine the complex refractive indices of a sample using transmission 

geometry THz-TDS, both a reference time-domain waveform which has propagated 

through an empty sample cell/sample holder, Eref(t), and a waveform which has 

propagated through the sample, Esam(t), are needed (Figure 3-4).  
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Figure 3-4. Diagram of a typical THz-TDS transmission measurement, dotted lines represent Fabry-

Perot reflections. 

 

The ratio of the two TD waveforms, Fourier transformed into the frequency-domain, is 

commonly called the transmission function, T(ω) [108, 112]: 
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The term tri(ω) contains the complex Fresnel coefficients for all the interfaces through 

which the THz pulse(s) transmits (or off of which it reflects) that are not mutual between 

the sample and reference measurements. The complex exponential term encapsulates any 

phase delay and attenuation due to the propagation through a sample and other 

intervening materials, such as sample cell windows.  However, any terms mutual between 

Esam(ω) and Eref(ω) cancel due to the ratio, such as the Fresnel coefficients from the 

outside sample cell window interface(s) and the phase delay/attenuation terms due to 

propagation through the windows. Fortuitously, the frequency response of the THz 

detector is also eliminated by the ratio. To further simplify the analysis of T(ω), it is 
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beneficial to design a spectrometer that reduces or eliminates any Fabry-Perot reflected 

pulses which may follow the initial pulse in time. These reflections can unnecessarily 

complicate data analysis by introducing modulation noise in the frequency domain. 

Elimination of these reflections is commonly achieved by using optically-thick sample 

cell windows and (preferably) thick samples. This increases the time delay between the 

initial pulse and any of its reflections; reflections which can then be excluded by leaving 

them outside of the Fourier transform time window.  

With these issues in mind, transmission geometry THz-TDS is well suited for 

analyzing materials with low optical densities, such as non-polar liquids or materials with 

low optical conductivities, whereas reflection geometry is more suited for highly 

attenuating materials. In transmission, low optical densities allows for the use of long 

sample path lengths, Lsam, to eliminate any unwanted Fabry-Perot reflected pulses from 

the Fourier transform. More importantly, in materials with low optical densities the 

analysis of T(ω) can be further simplified; since n>>κ, the imaginary parts of the Fresnel 

coefficients can be ignored. The Euler representation, R eiΘ⋅ [113], can then be equated to 

the simplified T(ω) and inverted to determine the analytical expressions for the material’s 

n(ω) and α(ω). For specifically the arrangement of Figure 3-4, the expressions are: 
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However, if a material’s n and κ are comparable, the ‘thick-film’ approximation detailed 

above can not be used. In order to measure high optical density materials in transmission 

geometry, the samples’ path lengths must be shortened to compensate for the stronger 
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attenuation of the THz signal. This often results in unavoidable Fabry-Perot reflections, 

which must be taken into account in T(ω) as additional terms in the summation. In 

addition, the imaginary parts of the Fresnel coefficients can no longer be ignored. These 

complicating factors necessitate the use of numerical methods to iteratively determine the 

values of the material’s complex n(ω) by comparison of the full analytical expression for 

T(ω), dictated by the experimental setup and equation 14, to the experimentally measured 

T(ω). For this thesis, numerical determination of an optically-dense, short path length, 

material’s complex n(ω) (in transmission) is achieved through use of the Newton-

Raphson method [113] and the Matlab software package (APPENDIX A). 

  

3.2.1 Transmission geometry setup 

 

Figure 3-5. Diagram of the transmission geometry THz-TDS setup used for the experiments in 

Chapters 5 and 6.   
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Figure 3-4 diagrams the transmission geometry THz-TDS setup used for the 

experiments detailed in Chapter 5 and 6.  An unamplified Coherent MIRA mode-locked 

Ti:Sapphire laser oscillator with a repetition rate of 76 MHz, average power of ~500mW, 

and center wavelength of ~780nm is used as the femtosecond laser source. After the 

oscillator output, an external prism pair is utilized to keep the pulse duration as short as 

possible (~80fs) by compensating for the group velocity dispersion (GVD) of the 

intervening optics before it reaches the emitter and detector. After propagating through 

the GVD compensator and a pair of lenses for beam collimation, the beam is split into the 

pump and probe arms by a polarizing cube beamsplitter. In the pump arm, a pulse passes 

through an optical delay line and propagates to the emitter. In this setup the emitter is a 

custom-built PCA comprised of a semi-insulating GaAs substrate with silver electrodes 

placed so the gap width is ~700µm. A 5 KHz 800V square wave is applied to the PCA to 

create a sufficiently large E-field in the gap and to facilitate lock-in detection of the THz 

signal. The emitted THz radiation is collected by a high resistivity Silicon (HR-Si) 

hyperhemispherical lens attached to the back of the PCA [114], collimated by an off-axis 

parabolic mirror, and then focused through a sample using a HR-Si lens. In the THz 

range, HR-Si is ideally suited for lenses and other optics since it has a very low 

dispersion and absorption. In the probe arm, the beam passes through λ/2 waveplate and 

linear polarizer for polarization adjustment and noise reduction. After, it passes through a 

small aperture in the back of the second off-axis parabolic mirror to ensure the probe 

beam and the focused THz beam propagate collinearly through a 1 mm thick ZnTe 

crystal for EOS (Section 3.1.2) detection. A Newport Nirvana balanced photodetector is 

used for measuring the difference signal between the two orthogonal polarization 
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components of the probe pulse. An SRS-510 Lock-In Amplifier (LIA), referenced to the 

5 KHz modulation used in the emitter, filters and amplifies the voltage output from the 

balanced photodetector. Finally, the LabView software package facilitates computer 

control of the LIA and optical delay line to read the LIA voltage signal, which is 

proportional to ETHz, as a function of the optical delay. Figure 3-1 on page 28 showed a 

typical time-domain waveform obtained from this setup. Unless otherwise noted, the 

entire THz beam path is purged with either dry air or dry N2 to eliminate water vapor 

absorption lines from the spectra. For the experiments in Chapters 5 and 6 of this thesis, a 

commercially-available Cryo-Industries RC-102 Microscopy Cryostat (picture in Figure 

3-6) was incorporated into the transmission setup, in between the two HR-Si focusing 

lenses, in order to control the sample temperature. 

 

Figure 3-6. Picture of the Cryo-Industries RC-102 Microscopy Cryostat used for control of a 

sample’s temperature in the transmission setup. 

 

3.3 Reflection geometry THz-TDS  

When analyzing a material with a high optical density, operating a THz spectrometer 

in reflection geometry can be considerably advantageous since the THz signal does not 

propagate through the sample. In most cases, Eref(t) consists of a THz pulse that reflects 

off of a mirror surface, while Esam(t) consists of a pulse that reflects off the first interface 
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of the sample, positioned (non-trivially) in the same plane as the reference mirror 

[115,116] (Figure 3-7. Case 1.). In this configuration, the ratio T(ω) becomes simply the 

complex Fresnel reflection coefficient of the first interface of the sample: 
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Figure 3-7. Diagrams of two different reflection geometry measurement schemes 

 

After equating equation 17 to the Euler relation, the following analytical expressions for 

the sample’s n and α can be obtained [116]: 
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It must be noted that any misplacement error in this geometry can result in non-negligible 

systematic phase error. The placement of the reference and sample often requires the 

spatial precision of only a few microns and therefore requires the application of non-

trivial experimental or numerical techniques. Several experimental [117-119] and 

numerical [120,121] techniques can be employed to attempt to mitigate this error. 

For the 2nd case in Figure 3-7, the reflection of the first interface of the sample cell 

window is taken as Eref(t), while the reflection off the interface between the back surface 

of the window and the sample is used as Esam(t). In this case, T(ω) becomes: 
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where the added exponential term corrects for the phase delay due to only Esam(t)’s 

propagation through the sample cell window.  Equation 20 can again be inverted after 

equating to the Euler relation to obtain [116,122]: 
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This configuration and analysis is ideally suited for highly attenuating liquid phase 

samples. Additionally, both Esam(t) and Eref(t) are obtained in a single time-domain 

waveform measurement.  
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3.3.1 Experimental setup 

 

Figure 3-8. Diagram of the reflection geometry THz-TDS setup used for the experiment in Chapters 

4.       

  

Figure 3-8 diagrams the reflection geometry THz-TDS setup used for the experiment 

detailed in Chapter 4.  Here, the setup is similar in design to the transmission setup 
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Ti:Sapphire laser oscillator, with a repetition rate of 84MHz, an average power of 

~900mW, pulse durations of ~45fs, and wavelengths centered around 780nm, is used as 

the femtosecond laser source for THz generation and detection. The oscillator output 

again propagates through a GVD compensator (prism-pair) and collimator before being 

split by the polarizing cube beamsplitter to the pump and probe arms of the spectrometer. 

THz generation is achieved with another custom-built SI-GaAs based PCA with a 

~500µm gap between the two silver electrodes and a hyperhemispherical HR-Si lens 
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attached to the opposite side. The emitter is modulated with a 56 kHz 600V square wave. 

For detection, a slightly different EOS scheme is used compared to the transmission 

setup, with instead a 300µm thick GaP crystal (110) (EO-active) attached to a 400µm 

thick (100) GaP crystal (EO-inactive) and an identical Newport Nirvana balanced 

photodetector. Of course, the most significant difference is the placement of a thick 

(8mm) HR-Si beamsplitter in the path of the THz beam after the 1st off-axis parabolic 

mirror. After propagating through the HR-Si beamsplitter and reflecting off of a sample 

at normal incidence, the THz signal is reflected off the back interface of the HR-Si BS to 

the 2nd parabolic mirror and finally to the EO-crystal for detection. Unless otherwise 

noted, the entire THz beam path is purged with either dry air or dry N2 to eliminate water 

vapor absorption lines from the spectra. 

 

3.3.2 Variable path length temperature-controlled liquid sample cell 

An overlooked advantage of a reflection geometry THz-TDS setup is its possible use 

for double-pass transmission measurements. In this case, the reflections from the back 

wall of an empty and filled liquid cell can be used as the reference and sample waveforms 

(Figure 3-7, gray lines), which can then be analyzed using transmission geometry 

methods (equation 15 and 16) with the sample’s path length now simply 2Lsam or using 

reflection geometry methods. This method is particularly advantageous when multiple 

measurements of a sample are needed for many different path lengths. In a typical 

transmission geometry setup, measurement of multiple path lengths for a single sample 

often involves disturbing the optical setup in order to replace the sample itself or to 

reconfigure the sample cell, potentially adding additional error to the measurements.  
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To take advantage of the double-pass transmission measurement afforded by using a 

THz-TDS setup in reflection geometry, a custom temperature controlled variable path 

length liquid sample cell was fabricated. Figure 3-9 shows a picture and cross-section of 

the liquid reflection cell. Stainless steel was chosen as the sample cell material for both 

its adequate heat capacity and thermal conductivity, while still ensuring it remains 

chemically inert for most samples. Control of the cell’s temperature is facilitated by a 

water circulator and internal fluid lines drilled into the cell walls, allowing for 

temperature control from 0°C to 80°C with ±0.1° accuracy. The actual sample 

temperature is monitored by a thermocouple inserted into the liquid sample through a 

small access hole drilled through the top of the cell into the sample chamber. The front 

window is a 32mm diameter, 6mm thick piece of polished HR-Si, chosen for its low 

dispersion and absorptivity at THz frequencies and high thermal conductivity. A 

micrometer inserted through the back of the device controls the position of the rear 

reflective surface of the sample chamber, allowing for control of the liquid sample’s 

thickness with minimal disturbance(s) to the overall setup. The THz pulse transmits 

through the window and sample, reflects off of the adjustable rear wall and then back 

through the sample and window. 

 

Figure 3-9. Cartoon cross-section and picture of the liquid sample cell. 
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Figure 3-10 shows the typical time-domain waveform obtained from the reflection 

geometry setup detailed in section 3.3.2 and the variable path length sample cell. The 

thicknesses of the reflection setup’s HR-Si BS and the sample cell’s HR-Si window were 

chosen so their 1st Fabry-Perot reflections have negligible overlap in time. Hence, high 

optical density liquids can be analyzed using equations 21 and 22 with negligible 

interference from the BS’s 1st Fabry-Perot reflection. In addition, the window and BS 

thicknesses were chosen so their Fabry-Perot reflections have relatively long separations 

in time (∆t=136ps for 2Lwin=12mm of HR-Si). Hence, when using the sample cell for 

double-pass transmission measurements, the long ∆t’s allow for a large range of 

measurable sample thicknesses before the signal pulse significantly overlaps with any 

other reflected pulses. With this double-pass transmission configuration, the spectral 

resolution of the measurement is ultimately limited by the time interval between the 

signal pulse and any subsequent reflected pulse. However, in the frequency range 

accessible by the THz-TDS reflection setup, most polar and non-polar liquids do not 

exhibit very fine spectral features. Assuming a needed frequency resolution of 100GHz, 

the double-pass thickness of a liquid sample in the cell could potentially be as long as 

( ) samsam nmmL 402 =  before the signal reflection interferes non-negligibly with any of 

the other reflections.  
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Figure 3-10. Typical time-domain waveform from the reflection setup and the empty variable path 

length liquid sample cell.  
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Chapter 4 

THz-TDS of single methyl-branched n-alkanes  

n(ν) and α(ν) of the single methyl-branched alkanes and their linear counterparts 

(Section 2.2.1), for carbon chain lengths from 9 to 16 carbons, were measured using the 

reflection geometry setup described in Section 3.3.1 and the custom liquid sample cell 

described in Section 3.3.2. The liquid samples were obtained from commercial vendors 

with >99% purity and were used without further purification. The specific n-alkanes 

measured in this experiment were chosen because they remain liquid over the entire 

temperature range of the experiment, from 20 °C to 60 °C. Since they have low optical 

densities, the double-pass transmission (2Lsam) analysis method was used. In this case, the 

pulses that transmit through the window and sample, reflect off the rear (adjustable) cell 

wall, and back through the sample and window are used as Esam(t)’s. Thus, with the 

custom cell each sample was easily measured over a minimum of five different path 

lengths, ranging from 5 mm to 25 mm, by mechanical adjustment of the sample cell’s 

rear wall using the micrometer. Since for this experiment accurate determination of n(ν) 

was paramount to determining their individual molecular polarizabilities, Eref(t)’s of the 

empty sample cell were also measured at each different set sample cell thickness. To 

achieve this with minimal disturbance to the setup, the sample cell was completely 

drained and filled in situ for each different path length by using a syringe and tube 

inserted through the top thermocouple access port. Each individual Eref(t) was then be 

used to determine the current set path length of the empty sample cell by analysis of the 

phase difference between the reflected pulse off of the rear translatable cell wall and the 

pulse(s) reflected from the HR-Si window interface(s), all of which can be captured in a 



    47     

single time-domain waveform. In addition, the use of Eref(t) at each different path length 

enables the cancellation of any phase and/or amplitude errors induced by changing the 

position of the rear sample cell wall through the ratio T(ω). Their indices and absorption 

coefficients were determined using equations 15 and 16 and Matlab (APPENDIX A). The 

resulting absorption and refraction spectra for all a sample’s path lengths were averaged 

to produce the final plotted spectra. 

 

 

Figure 4-1. Typical set of full TD waveforms obtained from the reflection cell filled with a single 

alkane sample with different set path lengths and T=20°C. Here, 2-methyltetradecane is shown with 

2∆Lsam=1mm between the individual TD waveform scans. 

 

Figure 4-1 shows a typical set of TD waveforms obtained for a single n-alkane sample 

with different set path lengths. The changes in the TD waveform amplitudes between the 

different path lengths is partly due to fluctuations in the laser power and changes in the 

lab environment between scans (a single scan of T=250ps can take ~30min). However, in 
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Figure 4-1 above, the TD waveform amplitude change is primarily due to interference 

from the lagging oscillations of the HR-Si BS’s 1st order Fabry-Perot reflection. This 

interference is largely unavoidable and contributes primarily to the error in the absorption 

coefficients. With hindsight, the reflection setup’s HR-Si BS should have been thicker to 

avoid this interference, coupled with the use of N2 to more effectively purge the THz 

beam path to reduce the lagging oscillations. 

 

4.1 Refractive index and absorption spectra 

 

Figure 4-2. Representative mean n(νννν) at T=20°C for the linear n-alkanes and their single methyl 

branched counterparts with the typical errors in n plotted at 0.4THz. Their corresponding structures 

are overlaid above the spectra in the same colors.  

 

Figure 4-2 illustrates the typical mean refractive index spectra of the single-methyl 

branched alkanes and their linear counterparts.  It displays the mean indices of refraction, 

n(ν), for two of the linear n-alkanes (nonane and tridecane) as well as their single methyl-
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branched counterparts (2-methylnonane and 2-methyltridecane), at T=20 °C. The 

corresponding molecular structures are overlaid above their index spectra. Each pair of 

molecules shares the same ‘backbone’ carbon chain structure, i.e. the number of carbon 

atoms in the linear carbon chain segment, Nb, are equivalent. The branched structures 

simply have another methyl group branching from one of their internal (non-end) 

carbons. Like the straight chain alkanes, the methyl branched alkanes’ indices are 

approximately dispersionless within the measured frequency range.  An overall increase 

in n(ν) for the branched species relative to their straight chain counterparts is observed.  

 

 

Figure 4-3. α(ν) at T=20°C for the same representative n-alkanes as Figure 4-1. The typical errors in 

αααα are plotted near 0.4THz.  

 

Despite the change in n(ν), the mean absorption coefficients α(ν) for the linear and 

branched alkanes are virtually indistinguishable from each other, demonstrated by Figure 
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4-3. In all cases, their absorption coefficients increase with frequency monotonically, 

consistent with previous studies [28]. The slightly varying error in n and α between 

different samples is due to changes in environmental conditions over the course of the 

measurements.  Here the most significant factor was the changes in the relative humidity 

of the lab building’s dry air supply, used in this experiment to purge the entire THz beam 

path.  

 

 

Figure 4-4. n @ 1 THz and T=20°C for each measured alkane, both branched (red, green, blue 

circles) and linear (black squares), plotted vs. Nb. Missing single methyl-branched structures are due 

to the lack of commercially available samples. 

 

The increase in the index of refraction with the addition of a methyl branch can be 

seen more clearly in Figure 4-4, which shows their indices at a representative frequency 

of 1 THz and T=20°C for both the linear carbon chain structures and the branched 

structures plotted versus Nb. Nb is defined as the number of carbons in the molecule’s 



    51     

linear carbon chain backbone. Plotting the results in this manner facilitates the direct 

comparison of two related molecules with equivalent linear carbon chain structures. For 

Nb=9, multiple different species with a methyl group branching from the 2nd, 3rd or 4th 

carbon atoms in its linear chain were measured. Interestingly, there is some slight 

variation in their indices depending on the location of their methyl branches.  

 

 

Figure 4-5. α @ 1 THz and T=20°C for each measured alkane plotted vs. Nb. The typical error in αααα 

for these measurements are plotted for Nb=9. 

 

In Figure 4-5 their absorption coefficients vs. Nb for all of the branched and linear 

alkanes are plotted for ν=1 THz and T=20 °C. Given the error, there is no measurable 

dependence on the number of carbons in the linear chain backbones or the location of the 

methyl branches in the chains. Since there is no measurable chain length dependence and 

since n(ν) >> α(ν)c/(4πν) for all the samples, the absorption coefficients are negligible 
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and can be ignored for all of the subsequent calculations and discussions.  

 

4.2 Isotropic molecular polarizabilities 

 

Figure 4-6. αP vs. Nb for both the branched (red circles) and linear (black squares) alkanes. The red 

and black lines are their respective linear fits with R
2
>0.999. Inset: The difference in polarizability, 

∆α∆α∆α∆αP, between the branched and the bare linear structures, plotted versus Nb.  
 

To determine the isotropic (orientation-averaged) molecular polarizabilities of the 

measured alkanes, the Lorentz-Lorenz relation given by equation 20 was used. The 

tabulated values of each species’ temperature-dependent liquid density ρ(T) were 

determined using reference [123]. Figure 4-6 shows their mean molecular polarizabilities 

in units of cm3 versus Nb, at T=20°C and ν=1 THz. For both the straight chain alkanes 

and their single methyl branched counterparts, αP increases linearly with Nb. In all cases, 

the addition of an additional methyl group, branched from the linear chain, results in an 
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increase in αP. Plotted in the inset are the differences in polarizability, ∆αP, between the 

methyl branched structures and their bare linear ‘backbone’ counterparts (Nb=constant). 

There is no observable dependence of ∆αP on the number of carbons in the linear chain, 

indicating that the addition of a single branch increases the molecular polarizability by a 

fixed amount, independent of chain length.  In addition, the mean polarizabilities of 2, 3, 

and 4-methylnonane (Nb=9), each of which exhibited slightly different refractive indices, 

become indistinguishable once their tabulated T-dependent densities are taken into 

account via the Lorentz-Lorenz relation. Hence, ∆αP does not depend on the position of 

the methyl branch or on the length of the carbon chain backbone.  

These experimental results suggest that a simple bond additive model can be used to 

predict the values of the polarizability of these species.  In this approach, a molecule’s 

individual bonds are assumed to be the additive subunit with constant and non-interacting 

polarizabilities. The polarizability volumes of the individual bonds, parallel and 

perpendicular to the bonds’ axes, are taken from the work of Amos and Crispin [124]: 

(CC║=0.719, CC⊥=0.381, CH║=0.868, CH⊥=0.488 x10-24 cm3); in that earlier work, the 

individual bond component contributions were calculated for the case of the shortest 

carbon chain n-alkane, ethane (C2H6).  The bond axis is the line connecting the two 

atoms. Then, the polarizability of a molecule in any given direction, αi, is given by a sum 

over the n bonds in the molecule: 

( )2 2
|| cos sini ni ni

n

⊥α = α θ + α θ∑    (23) 

where i = x, y, z,  θn is the angle between the bond axis and the direction i, and α⊥ and α|| 

are the individual bond’s polarizabilities perpendicular and parallel to the bond axis, 

respectively [125] . The total isotropic mean molecular polarizability, αP, of the molecule 



    54     

is the mean value of the polarizabilities in all three orthogonal directions, i.e. αP = 

(αx+αy+αz)/3.  The molecular polarizabilities are computed using this approach, under 

the assumption that the chains are in their fully extended trans conformation with fixed 

tetrahedral bond angles. This assumption may seem non-physical for molecules in an 

inherently disordered liquid phase at room temperature. However, with this approach 

different conformations, including bending and kinking of the linear carbon chain, have 

no effect on the computed value of the mean isotropic molecular polarizabilities 

(APPENDIX B). This is a direct consequence of two main aspects of this simple 

approach; the bonds do not interact and, with changes in a bond’s orientation, its 

individual contributions simply vary between the 3 orthogonal axes.  Thus, regardless of 

the true molecular configurations of the single molecules, its predicted mean molecular 

polarizability remains constant. 

Of course, this extremely simple model neglects any quantum effects.  The bond 

additive model can be benchmarked by comparison to the results of quantum mechanical 

DFT simulations performed by Garza and Scuseria [19]. For this purpose, the 

polarizabilities of the n-alkanes and 2-methylalkanes were computed at 1 THz in gas 

phase and solution on fully optimized geometries. The calculations were carried out in 

the GAUSSIAN [58] suite of programs using default parameters. For the liquid phase 

simulations, the polarizable continuum model (PCM) [126] was used where a single 

molecule is embedded in a continuous dielectric medium. Due to the unavailability of 

PCM solvent parameters for the 2-methylalkanes, experimental data and parameters from 

analogous n-alkanes were utilized for these calculations (vide infra). 
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Figure 4-7  The theoretical results for the (a) linear and (b) branched alkanes plotted vs Nb for both 

the bond additive approach (grey diamonds) and the    PCM simulations done in GAUSSIAN (blue 

circles; missing points reflect unavailability of PCM solvent parameters). For reference the 

experimentally measured values are also shown (black squares in (a) and red circles in (b)).  Inset: 

Comparison of ∆α∆α∆α∆αP for the bond additive approach and the DFT-PCM simulations plotted with the 

experimentally determined values (black squares).  
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Figure 4-7 shows the isotropic polarizabilities of both the linear (A) and the branched 

(B) species, determined from both the simple bond additive approach and the DFT 

simulations, along with the experimentally determined values for reference.  The bond 

additive approach underestimates the molecular polarizabilities for both the branched and 

linear chains, almost certainly due to neglecting intra-molecular interactions and the 

molecule’s local environment. The DFT calculations also underestimate the measured 

polarizabilities if the molecule’s local environment is ignored as well; the average percent 

errors for the gas phase calculations of linear alkanes are -10.8% and -7.3% for two 

different DFT basis sets. To accurately reproduce the measured polarizability of the 

liquid phase n-alkanes in the DFT simulations, the molecule must be embedded in a 

polarizable dielectric continuum and the effects of dielectric dispersion must be included. 

Of course, in order to include these effects, dielectric constants, both optical and static, 

must be used as input parameters in order to define the dielectric continuum in which the 

single molecule is embedded. For the branched alkanes studied here, neither ε0 nor ε∞ are 

available in the literature.  Therefore, for the branched alkanes the THz dielectric 

constants, determined from their measured indices of refraction, were used as the static 

dielectric constants. In addition, their optical dielectric constants were approximated by 

those of their linear structural analogues. It must be stressed that the dielectric constants 

are only used as parameters to define the polarizable dielectric continuum. Hence, the 

computed polarizabilities are still the result of full quantum mechanical simulations of the 

single molecules. Also plotted in the inset of Figure 4-7 (B) are the values of ∆αP for the 

two theoretical approaches compared to the experimentally determined values. The bond 

additive approach slightly overestimates the change in polarizability while the DFT-PCM 



    57     

results accurately reproduce the measured changes in polarizability. 

Since ∆αP is approximately constant for all backbone chain lengths and methyl branch 

positions, and since αP is a nearly perfectly linear function of Nb, the use of an additive 

empirical relation to describe the behavior of the branched alkanes’ mean molecular 

polarizabilities is a reasonable approach. By equation 10, the overall polarizability αP can 

be written as a sum of contributions from the two methyl end groups and the N – 2 

internal methanediyl groups, according. By fitting equation 10 to the experimental results 

for the linear n-alkanes, the values for α3 (the polarizability of a methyl group) and α2 

(the polarizability of a methanediyl group) can be extracted.  The results of this analysis 

give α3 = 2.25±0.06 x 10-24 cm3 and α2 = 1.81±0.04 x 10-24 cm3, consistent with values 

from the previous reports described in Section 2.2.1 [28, 65]. Given that αP also increases 

linearly with Nb for the branched alkanes, it follows that a similar empirical relation will 

also provide an accurate description for the branched species. To compare the branched 

structures to their linear counterparts, equation 10 can be modified by adding a third 

contribution (i.e. the methyl branch), and replacing a single methanediyl group with that 

of a methanetriyl: 

123 )3(3 αααα +−+= b

branched

P N     (24) 

Here α1 is the contribution from the methanetriyl; that is, the carbon bonding the added 

methyl group branch to the linear carbon backbone. This group only has one hydrogen-

carbon bond or, alternatively, is a tertiary carbon (3 carbon-carbon single bonds). As a 

consistency check of the proceeding analysis, the methanediyl contributions (or 

equivalently the slopes of both the branched and linear alkane results) agree to within 

1%. Using equation 24 and the previously determined values of α2 and α3, the value of α1 
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can be determined from the intercept of the upper line in Figure 4-5 (branched αP vs. Nb) : 

α1 = 1.44 ± 0.14 x 10-24 cm3.  

 

Figure 4-8. (A) The computed (blue circles and grey diamonds) and measured (black squares) 

contributions of the methyl αααα3, methanediyl αααα2, and methanetriyl αααα1 to the mean molecular 

polarizability of the branched and linear alkanes at T=20°C. (B) The experimentally determined 

values of the group contributions vs. T, showing no measurable temperature dependence. 

 

In Figure 4-8 (A), the contributions from all three carbon groups are plotted.  In the 

same figure, we also show the computed theoretical values for these same quantities, 

extracted using the same linear regression approach from the two different predictions 
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shown in Figure 4-7.  The bond additive approach slightly underestimates the values of 

the methyl and methanediyl group contribution but their ratios are approximately 

reproduced, with α3/α2 ≈ 5/4. However, it predicts α2 ≈ α1, which is not the case 

experimentally. On the other hand, DFT-PCM underestimates α3 and overestimates α1; 

however it still reproduces the decreasing trend in polarizability contributions from the 

methyl to tertiary groups. In Figure 4-8 (B), the measured group polarizabilities vs. 

temperature are shown. The group contributions to αP, including the methanetriyl group, 

exhibit no significant temperature dependence.  

The effectiveness of this empirical additive approach can be assessed by predicting the 

polarizabilities of two cyclic hydrocarbon structures.  For cyclohexane, since it is 

comprised of simply 6 methanediyl groups in a ring, the additive approach predicts a 

mean molecular polarizability of αP=6α2=10.86 × 10-24 cm3. The measured mean 

molecular polarizability of liquid cyclohexane, from earlier work of Pedersen and 

Keiding [8], is 10.868 × 10-24 cm3 at 1 THz, almost perfect agreement. However, 

benzene, with the same number of carbon groups in its structure, has an αP of 10.433 × 

10-24 cm3. This is not surprising given benzene is a conjugated: containing non-localized, 

interacting bonds rather than the localized bonds of the branched and linear n-alkanes in 

this study.   Further empirical investigations of other conjugated molecules in the THz 

range are required to determine the adaptability of the additive approach to more complex 

molecules. This, ultimately, is a limitation of a purely empirical approach. 

 

4.3 Conclusions 

From the experimental results, the modified empirical relation (equation 24) 
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effectively describes the isotropic molecular polarizabilities of the single methyl 

branched alkanes up to Nb=16. The extracted group contributions from the methyl and 

methanediyl groups agree with previous works; moreover, the contribution from the 

tertiary carbon group, α1, was determined for the first time. Of course, the inherent 

drawback of the empirical approach is that the individual contributions from each 

molecular subunit must be determined experimentally, demonstrated by its failure to 

predict the polarizability of benzene.  However, these measured contributions inherently 

include the effects of dispersion and the molecule’s local environment, parameters which 

may not be readily available in the literature, and which must be used as inputs for more 

sophisticated quantum simulations. Of course, a large number of interacting molecules 

could be modeled in a molecular dynamics simulation for a true ab-initio result; however 

the computational cost of such a simulation is currently extremely high. While much 

more sophisticated techniques exist to describe the polarizabilities of the n-alkanes, the 

simple linear empirical relation still effectively characterizes their mean molecular 

polarizabilities in the THz range, even with a slight variation in their structure.  
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Chapter 5 

THz-TDS of the plastic-crystal succinonitrile 

The molecular PC succinonitrile (SN) (Section 2.2.2) was the subject of the next 

THz-TDS investigation, in order to determine the behavior of its THz range spectra in 

both its pure and lithium salt-doped forms for both its room-T orientationally-disordered 

PC phase and in its low-T completely-ordered OC phase. The samples were prepared by 

heating SN, obtained from Sigma-Aldrich chemicals with 99% purity and used without 

further purification, above its PC to liquid phase transition (melting point) at TL-PC=336K 

(62°C). The lithium cation with four different anions: tetrafluoroborate (BF4
-), 

hexafluorophosphate (PF6
-), perchlorate (ClO4

-), and bis(trifluoromethanesulfonyl)imide 

(TFSI-), were dissolved into the SN melt with a 0.5M concentration and stirred at 60 °C 

under a dry N2 environment (to prevent water contamination) until a homogeneous 

mixture was obtained. The prepared ionic liquids were then injected into the center of a 

ring-shaped Teflon spacer, situated on a 1-mm thick TPX wafer. An identical TPX wafer 

was then placed on top of the molten solution, effectively sandwiching it between the two 

wafers. The Teflon spacer, with a thickness that ranged from 500µm to 100µm, was used 

to insure a constant sample thickness over the entire area of the incident THz beam and, 

combined with the top wafer, prevents evaporation of the sample while in vacuum. The 

sample was then allowed to slowly cool back to room temperature. Using this method, an 

optically-transparent polycrystalline solid was formed between the two wafers. The entire 

sample was larger than the diffraction-limited spot size of the THz beam (~3mm) but the 

individual crystallites within the polycrystalline solid were significantly smaller. Thus, 

the measurements are considered to be an average over all crystal orientations. For each 
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ionic solute, a minimum of three samples with different optical path lengths (spacers) are 

measured. The pure (undoped) SN samples were also prepared in the same fashion. 

The samples were then placed inside a Cryo-Industries RC-102 cryostat (figure 3.6), 

situated at the focal point of the transmission geometry THz-TDS setup described in 

Section 3.2.1. Inside the cryostat the samples were held under vacuum (<1x10-4 mbar) for 

efficient thermal insulation at low-T’s. For the low-T phase measurements, the samples 

are cooled slowly (<1.5K/min) through SN’s PC to OC phase transition in order to 

prevent quenching the sample into an orientationally disordered glassy-crystal phase. 

Given the high THz attenuation of SN due to its high polarity, thin spacers (short path 

lengths) were necessary in order to maintain sufficient signal-to-noise. Given the 

unavoidable Fabry-Perot reflections in the TD waveforms and since the ratio n/κ for SN 

is not large compared to unity, the analytically solvable thick film approximation cannot 

be applied without introducing significant error. Hence, the samples’ complex indices of 

refraction, ñ(ν), were extracted numerically using the unsimplified T(ω)’s given by 

equation 14 and the Newton-Raphson method (APPENDIX A).  
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Figure 5-1. a) Time-domain waveforms of an empty cell reference (grey), SN in its PC phase at 294K 

(red line), and in its OC phase at 90K (black line) for an 100µm thick sample.  b) n(ν) (black) and 

α(ν) (red) at 294K (dashed lines) and 90K (solid lines) determined from the TD waveforms in a).  

 

Plotted in Figure 5-1 are the measured time domain waveforms, indices of refraction, 

and absorption coefficients for pure SN’s PC and OC phases at 294K and 90K for an 

100µm thick sample. Not surprisingly given their different structures and dynamics 

(Section 2.2.2), SN’s two solid phases have very different THz TD waveforms and 

spectra. The higher-T orientationally-disordered PC phase displays relatively higher 

dispersion and attenuation compared to its low-T OC phase. Conversely, its OC phase 

has a relatively dispersionless spectrum, with the exception of two Lorentzian-like 
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absorption peaks centered near 1.122 THz and 2.33 THz at 90K.  Since SN forms an 

orientationally and translationally ordered molecular crystal at low-T’s, these resonant 

peaks can be attributed a priori to lattice vibrational modes. The origin of these modes 

will be explored in Section 5.2. 

 

5.1 SN’s PC phase spectra 

First, the behavior of SN’s doped and undoped THz spectra in its high-T PC phase 

will be explored. To facilitate comparison with previous ionic conductivity studies at low 

frequencies and DC, SN’s high-T PC phase spectra before and after the addition of the 

lithium salt dopants is converted to complex conductivity using equations 4 and 5. Plotted 

in Figure 5-2 are the mean complex conductivity spectra for pure and Li-salt 

 

Figure 5-2.  The mean real (solid lines) and imaginary (dashed lines) conductivity spectra at T=20°C 

of SN:: undoped (grey lines) and doped with the various Li-salts (colored lines). Inset: The real part 

of the conductivity at 750GHz and 20°C for each sample, plotted with the typical error.  
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doped SN at T=20°C. Their PC phase conductivity spectra are somewhat reminiscent of 

the behavior of a solid in which the charge carriers exhibit strong backscattering, as in the 

Drude-Smith model, with a negative imaginary conductivity [127, 128]. The inset 

suggests a very slight increasing trend in the conductivity of the doped samples which 

may be correlated with the dissociation constants of the salts in liquid phase SN 

( 464 LiClO

d

LiTFSI

d

LiPF

d

LiBF

d KKKK <<< ) [129]. However, the behavior of the real part of the 

conductivity does not follow as expected from earlier low-frequency and DC 

measurements [90-94, 130]. In contrast to the THz range results, the DC and low 

frequency conductivities of SN in its PC phase increases by as much as 3 orders of 

magnitude when doped with the same ionic species [90-94]. However, as can be seen 

from the measured conductivity at 750 GHz (inset), the magnitude of the conductivity 

decreases slightly with the addition of ionic dopants. Of course, at THz frequencies the 

carrier response is being probed at significantly shorter length and time scales. The 

distance a lithium ion or its anion diffuses through the plastic-crystal matrix before the 

probing electric field reverses direction can be estimated using ωω /DL = , where D is 

the diffusion coefficient of the charge carrier and ω is the probing frequency [131, 132]. 

For LiTFSA solvated in solid succinonitrile, D≈10-6 cm2s-1 [94] and with a probing 

frequency of 1 THz, Lω is an insignificant 0.01 nm. Therefore, over the picosecond 

duration of the THz pulse, the ionic dopants are essentially motionless. The equivalent 

Einstein mobility, eD/kBT ≈ 4×10-5 cm2/Vs, is far too small to contribute significantly to 

the dielectric response at these frequencies. Hence, SN’s PC phase THz spectra must be 

dominated by another effect. 
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Figure 5-3. The mean real (solid) and imaginary (dashed) permittivity spectra at 20°C for the 

undoped (grey) and Li-salt doped succinonitrile samples (black, red, green, blue lines). 

 

In order to determine the origin of the behavior of SN’s THz range spectra, the same 

spectra of Figure 5-2 are converted to complex permittivity and plotted in Figure 5-3. The 

measured decrease in the real part of the conductivity with the addition of Li-salt dopants 

is reflected in ε2. Considering that the previous studies of SN have demonstrated the 

existence of gauche-trans and trans-trans isomerization dynamics in its PC phase [80-

86], it is possible the behavior of its THz range spectra is also due to similar relaxational 

dynamics. In the permittivity representation above, SNs’ spectra does resemble the 

behavior of dielectric relaxational processes observed in the THz range of other 

materials, similar to, for example, polar liquids [122] and liquid crystals [133]. In general, 

their spectra display a nonlinear decrease in ε1 and ε2 with increasing ν. This behavior has 

been interpreted as observation of the high-frequency wing of a Debye-like relaxational 
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process (or of multiple processes). In the previous studies, the actual peak of the Debye 

absorption is also not directly observed. Additionally, in SN’s low temperature (<-35°C) 

OC phase this Debye-like relaxational behavior is frozen out, resulting in THz spectra 

with lower dispersion, lower absorption, and characteristic vibrational modes indicative 

of an orientationally and translationally-ordered molecular crystal. Therefore, the 

behavior of its THz spectra is a direct consequence of the rotational disorder inherent in 

its PC phase, specifically its gauche-trans reorientational dynamics.   

If the gauche-trans reorientational process of SN is assumed to be the dominant 

contribution to the measured THz spectra, its spectra can be fit to a simple relaxational 

model. In Figure 5-4, the simultaneous fits of both ε1(ν) and ε2(ν) to the Cole-Cole 

equation, which is simply the Havriliak-Negami equation (equation 7) with α=0, are 

plotted. The temperature-dependent dielectric constants ε∞ and εs of SN are taken from 

references [134, 135].   
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Figure 5-4. The measured (data points) and fitted Cole-Cole (green lines) complex permittivity 

spectra for the four Li-salt doped succinonitrile samples at 20°.  

 

In this case, the Cole-Cole equation results in the best quality of fits to the measured 

THz spectra assuming there is only a single symmetric distribution of Debye-like 

relaxations around a central τ, with coefficients of determination of R2≈0.94.  Other 

variants of the Debye equation were considered as well, including the full Havriliak-

Negami equation, the two-parameter Cole-Davidson equation, and the Debye equation 

itself, with each resulting in comparatively lower values of R2. Of course, more 

phenomological approaches could be used to better fit the spectra by increasing the 

number of free parameters in the fits. However, in the context of this work the Cole-Cole 

model adequately describes the data while still maintaining physical significance. 

Additionally, the determination of single time constant allows for comparison to earlier 
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studies. Most importantly, the trends in the fitted parameters vs. doping and temperature 

can be demonstrated.  

 

 

Figure 5-5. The extracted mean Cole-Cole relaxation times τ and width parameters β for the 

undoped and Li-salt doped succinonitrile samples at 20°C.  

 

Plotted in Figure 5-5 are the extracted mean parameters τ and β for each different set 

of SN-based electrolyte sample at 20°C. The undoped SN sample set has a mean 

characteristic relaxation time of 65 ± 17 ps. Given the extracted resonant absorption 

peaks at τ-1 are outside of the measured frequency range, it can be difficult to obtain 

reliable quantitative values for the fitted parameters. Therefore, in this case, emphasis 

must be placed on the trends in the parameters vs. temperature and dopants rather than 

their actual values.  However, the extracted value of the τ parameter for undoped SN is in 

reasonable agreement with all the previously cited studies of SN using other methods 

[81-87], with τ’s ranging from 44ps to 64ps, all of which attribute their measured τ’s in 

this range to the gauche-trans isomerization rotation (Figure 5-6). There are also faster 

trans-trans rotational dynamics in SN’s PC phase, however, these dynamics are not 

measurable using THz-TDS since the trans-trans rotation is not IR-active. Regardless of  
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Figure 5-6. Comparison of the THz range fitting time constants to references [81,84,87]. 

 

the agreement of the fitted τ’s with previous studies; the most significant result here is the 

notable relative increase in τ when the ionic dopants are added. From this result, it can be 

speculated that the presence of the solvated Li-salt cations and anions in the plastic-

crystal lattice hinders the gauche-trans relaxational process. Even in the time scale of the 

longest mean relaxation time (τ=207ps), an ion will only diffuse approximately 0.2nm, 

which is still less than the length of a single unit cell of SN in its PC phase (a=0.637nm) 

[89]. Finally, the extracted mean values of β are approximately equivalent, independent 

of doping, indicating their relaxation time distributions have equal widths within the 

error.   
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Figure 5-7. Arrhenius plot of the relaxation rates, i.e. the natural log of the inverse of relaxation 

times for the different SN-based electrolytes plotted vs. inverse T.  

 

The extracted Cole-Cole relaxation times also display a significant dependence on 

temperature, with exponentially decreasing τ’s as the temperature increases. Figure 5-7 is 

an Arrhenius representation of the extracted temperature-dependent relaxation rates for 

the each of the different SN-based electrolyte samples. Given the linearity of the data, the 

average activation energies, Ea, of the relaxational processes for each different sample 

can be extracted using the phenomological Arrhenius equation, 1 aE RT
Ae

−−τ = . For pure 

succinonitrile, Ea is approximately 3 kJ/mol, which is lower than the values obtained 

using other methods.  For example, low-frequency dielectric techniques measure Ea to be 

10.5 kJ/mol [81], whereas optical Kerr effect methods measure Ea to be 9 kJ/mol [84] and 

18 kJ/mol [85] and  finally neutron scattering methods measure Ea=26.08 kJ/mol [86] and 
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15 kJ/mol [87]. Hence, comparatively there is already significant scatter in the measured 

activation energy between the different methods. Additionally, the extracted values of the 

pre-exponential factor, A, are on average 0.5 ps-1
, which is significantly slower than the 

rate predicted from transition state theory (A = kBT/h ≈ 6.2 ps-1 at room temperature) 

[136]. The origin of this discrepancy is unclear, and as noted above the significance of 

extracted fit parameters should not be overemphasized, given the limited spectral range 

of the experiment.  As noted previously the THz regime partly bridges the gap between 

the long range, macroscopic response measured by low-frequency dielectric methods and 

the short range, effectively single molecule response measured by optical Kerr effect and 

neutron scattering methods. Hence, it is plausible that THz measurements may be probing 

a subset of mesoscopic modes with lower activation energies compared to other 

techniques. Despite this discrepancy, the relative activation energies of the different 

electrolyte samples can still be compared. Interestingly, the SN samples doped with 

LiPF6 and LiClO4 exhibit higher activation energies compared to the other two dopants. 

This is consistent with XRD studies suggesting that these two anions form periodic 

crystalline-adduct structures with SN, rather than simply occupying lattice defect sites 

[90, 93].  Thus, their higher Ea's are most likely due to their propensity to associate more 

highly with SN. Most importantly, when SN contains ionic impurities the activation 

energy of the reorientational relaxation increases considerably relative to that of pure SN. 

The higher activation energies in the doped samples indicates the magnitude of the 

rotational potential barriers separating SN’s different accessible conformations has 

increased due to the presence of the effectively motionless (on the relevant time scales) 

ionic impurities in its crystal lattice.  
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5.2 SN’s OC phase spectra 

 

Figure 5-8. Left: Several α(ν) spectra of pure SN in its low-T OC phase showing red-shift and 

broadening as T increases (100µm sample). Each spectrum is offset by 60 cm
-1

. Right: ∆νc vs. T for 

both modes relative to their lowest measured temperature νc and the corresponding linear fits to 

their average values. Adjacent to the fit lines are their slopes (dνc/dT).   

 

In pure SN’s low-T OC phase, two resonant absorption peaks are observed in its THz 

spectra. Plotted in Figure 5-8 (left) are the α(ν)’s of pure SN for T’s ranging from 90K to 

210K for an 100µm thick sample. The smaller structures between the two phonon modes, 

which become more apparent at higher temperatures, are not repeatable spectral features 

between different samples and are most likely additional spectral noise caused by the 

polycrystalline nature of the samples and amorphous background scattering. There is 

significant red-shift in the center frequencies of both phonon modes as T increases, an 

indication that both modes are soft, with anharmonic vibrational potentials. Their νc’s are 

plotted vs. T in Figure 5-8 on the right. As T increases, both νc shift monotonically to 

lower frequencies; this confirms they are ‘soft’ lattice phonon modes and their vibrational 

potentials are not harmonic. Interestingly, the higher frequency mode red-shifts at a 

slightly faster rate compared to its low frequency counterpart, indicating it has a greater 
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vibrational anharmonicity compared to the lower frequency mode. In addition, there is 

significantly higher scatter in the 2.33 THz phonon modes’ measured νc between different 

sample path lengths and different cooling/heating trials. This scatter in the measured 

values of νc between samples also increases as T approaches the material’s solid-solid 

phase transition temperature. There is also a continuous background absorption which 

increases approximately as a power of ν.  The background absorption spectra resemble 

the spectra of amorphous, disordered materials like glass, for which the power law 

functionality of their absorption spectra can be used as a metric for disorder [130]. In this 

case the background absorption and index can be fitted to the function n(ν)α(ν)=K(hν)β, 

where K and β  are parameters which are on the order of 105-107 eV-2cm-1 and 2, 

respectively, for disordered materials such as polycrystalline quartz or amorphous silica 

in the THz range [138]. This absorption dependence can be attributed to disorder-induced 

coupling of the radiation to Debye-like acoustic vibrational modes since their density of 

states exhibit an ω2 dependence. Ignoring the absorption peaks, succinonitrile’s 

absorption background does exhibit the same approximate dependence with β=2.03±0.03 

and K=9±5 x106 eV-2cm-1. Further analysis of this continuous absorption background is 

hindered by the limited spectral bandwidth and the IR-active phonon absorption 

resonances. Nevertheless, the functionality of the measured background absorption may 

indicate the presence of amorphous, disordered regions in the samples. 
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Figure 5-9. The absorption spectra of pure and LiTFSI-doped SN with varying concentrations at 

90K, offset for clarity. Inset: The infrared line intensities of the 1.1 THz vibrational mode vs. LiTFSI 

concentration. 

  

Figure 5-9 demonstrates the effects of lithium salt doping on SN’s low-T spectra. As 

the concentration of the lithium salt increases, the intensity of the 1.12 THz phonon mode 

decreases and is effectively suppressed for concentrations higher than 0.1M. In addition, 

the absorption background increases when SN is doped with a Li-salt, especially at higher 

frequencies. Based on these two factors, it can be concluded that the presence of an ionic 

dopant strongly affects the long-range order of succinonitrile’s ordered-crystal structure. 

Interestingly, the background absorptions do not exhibit any dependence on the 

concentration of the dopant, with β≈2 and erratically varying K’s for all measured 

concentrations. The modes’ linewidths, which theoretically could be a metric for residual 

disorder in the sample due to inhomogeneous broadening, do not increase with dopant 

concentration, indicating their origin is dominated by other effects. Due to the path 
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lengths of the doped samples and the increased background absorption at higher 

frequencies, the THz signal was too strongly attenuated to observe the 2.33 THz mode in 

doped samples.  

 

Figure 5-10. Representative plot of SN’s experimentally measured α(v) at T=90K (red line), its 

phonon modes predicted using solid-state DFT simulations (grey columns), and their corresponding 

molecular origin (yellow arrows in unit cell diagrams).  Unit cell diagrams courtesy of Delaney and 

Korter [21]. 

 

Finally, solid-state DFT simulations performed by Delaney and Korter [21] predict 

the presence of two IR-active phonon modes in the THz range at 1.2660THz and 1.7105 

THz. Since there are also only two experimentally observed modes, they can be 

unambiguously assigned to theoretically predicted modes. The lower frequency mode 

corresponds to a correlated translation of the succinonitrile molecules along the 

crystallographic c-axis. There is a 13% error between the predicted νc of this vibrational 

mode and the measured value. The higher frequency mode corresponds to a rigid 
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correlated rotation of the succinonitrile molecules about the c-axis. Interestingly, for only 

this higher frequency rotational mode, there is a large disparity in the measured 

intensities between samples of different path lengths, which can not be attributed 

exclusively to error in the measured sample thickness. Its larger magnitude dνc/dT 

suggests it has a greater vibrational anharmonicity compared to the low frequency 

translational mode, which may explain the higher error in its predicted νc since harmonic-

limit simulations are used. Additionally, since this mode is rotational, the errors also may 

partly be due to the presence of rotationally disordered glassy-crystal regions in the 

samples; regions which also contribute to the β≈2 dependence of the background 

absorption. The randomly oriented molecules of these disordered regions could 

contribute to the large variance in νc that are observed for only the higher frequency 

rotational mode. Since these regions are still spatially-ordered, the lower frequency 

translational mode is much less affected. However, it is challenging to confirm these 

speculations since the higher frequency mode lies near the upper limit of the measurable 

spectral bandwidth where the signal-to-noise is lowest.  

 

5.3 Conclusions 

The THz range spectra of the PC and OC phases of SN present a very rich array of 

dynamics. Assuming SN’s gauche-trans reorientation dominates its PC phase THz 

spectra, the extracted mean relaxation time of pure SN’s relaxational process agrees well 

with previous studies. The extra parameter β of the Cole-Cole equation is most likely 

needed due to correlated, many-body nature of the mesoscopic relaxational process, 

which gives rise to an inhomogeneous distribution of relaxation times. The presence of 
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the dissolved Li-salt cations and anions in its PC lattice, which are effectively motionless 

on the time scale of the THz perturbation and of the rotational relaxation itself, hinder the 

rotation of the succinonitrile molecules; this is supported by the considerable relative 

increase in the parameters τ and Ea in the presence of ionic impurities. In its OC phase, 

the presence of the ionic impurities destroys the long-range translational and rotational 

order which give rise to the phonon modes observed in the pure SN samples. Finally, 

solid-state DFT simulations of pure SN confirm the two resonant features are lattice 

phonon modes.  
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Chapter 6 

THz-TDS o f the plastic-crystal camphor  

In this study, the temperature-dependent THz spectra of racemic (RS(±)) and 

homochiral (R(+) & S(-)) camphor, from frequencies of 0.2 to 2.75 THz and temperatures 

from 12 K to 340 K, were measured. Homochiral and racemic camphor samples were 

obtained from Sigma-Aldrich chemicals with purities of 98% for R(+), 99% for S(-) ,and 

96% for RS(±) and used without further purification. The initially opaque, soft 

polycrystalline solids are pressed into semi-transparent discs in the center of Teflon ring 

spacers, with inner diameters of 4 mm and thicknesses of 600 µm, 300 µm, and 100 µm, 

and whose thickness sets the optical path length of the measurements. Two thick (2 mm) 

HR-Si wafers are placed over the exposed faces of the camphor and Teflon discs, to serve 

as windows, thermal contacts for efficient temperature control, and to prevent sample 

sublimation.  

 

Figure 6-1. Pictures showing the initial optically opaque polycrystalline camphor before (left) and 

after (right) pressing.  

 

The prepared samples are mounted inside a Cryo-Industries RC-102 cryostat, 

positioned so the sample rests in the focal plane of the THz beam of the transmission 

geometry setup described in Section 3.2.1. Inside the cryostat, the sample is held under 
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vacuum (<1x10-4mbar) for efficient thermal insulation at low-T. For the low-T 

measurements, the samples are cooled slowly (<1.5K/min) to prevent quenching into any 

avoidable (in the case of the homochiral samples) orientational-disordered glassy-crystal 

phases. Their complex indices of refraction, ñ(ν), were extracted numerically using the 

unsimplified T(ω) given by equation 14 and the Newton-Raphson method (APPENDIX 

A), identical to the analysis used for SN.  

 

Figure 6-2.  a) n(ν) and b) α(ν) for the racemic (black) and homochiral (red, green) camphor samples 

at T=294K (solid) and T=12K (dashed). 
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Plotted in Figure 6-2 are n(ν) and α(ν) for racemic and homochiral camphor in their 

PC phases at T = 294 K, and in the GC phase of racemic camphor and the OC phase(s) of 

homochiral camphor at T=12 K. At room temperature their spectra are virtually 

indistinguishable, displaying a very broad absorption peak with a center frequency, νc, of 

approximately 1.1 THz. However, upon cooling through their respective solid-solid phase 

transitions, racemic and homochiral camphors’ spectra become strikingly different. 

Racemic camphor retains the very broad absorption feature, which shifts continuously to 

higher frequencies at lower T’s. It also becomes slightly asymmetric, with a steeper high 

frequency wing. Conversely, homochiral camphors’ low-T spectra exhibit at least five 

Lorentzian-like peaks.  Considering that the homochiral samples at T=90K are 

orientationally and translationally ordered [96], these resonant features can be attributed a 

priori to lattice vibrational modes, i.e., phonons. The apparent differences in the 

absorption intensity between the two homochiral samples are due to inconsistencies in 

sample quality. Their spectra, at multiple temperatures, are plotted in Figure 6-3. 
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Figure 6-3. Waterfall plots of the T-dependent absorption spectra of the camphor samples. 
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Figure 6-4.  Plot of the mean center frequencies, νc, vs. T of the broad absorption features compiled 

from the different racemic (RS±) camphor samples. Inset: Mean index, n at 300GHz vs. T, showing 

the glass transition at T~190-200K.  

 

In Figure 6-4, the mean center frequencies, νc, of racemic camphor’s broad absorption 

feature are plotted vs. T, compiled from its three individually measured path lengths. The 

mean νc’s of the broad absorption feature red-shift with increasing T. There is significant 

error in the mean νc’s between different samples and T’s, not surprising given its 

extremely broad linewidth. Given this uncertainty, racemic camphor’s GC to PC phase 

transition around T~190K is virtually imperceptible in the T-dependence of the νc’s. 

However, the phase transition can clearly be distinguished in the temperature-dependent 

index of refraction at 300GHz (Figure 6-4 inset). The change in its δn/δT around T~195K 

is a clear indication of the GC-PC phase transition, similar to the glass transitions 

observed in polymers [23].  Curiously, upon heating or cooling racemic camphor through 

T~40 K a repeatable discontinuity in the broad absorption feature’s νc also appears. This 
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significant shift also coincides with a small discontinuity in n(ν), usually taken as an 

indication of a phase transition [51]. However, a previous low-T thermodynamic study 

shows no sign of a phase transition at this temperature [139]. This discrepancy may be 

due to a difference in experimental pressures; in this experiment the pressure surrounding 

the sample is <10-3 mbar (<10-5 atm), while in the cited reference the stated pressure is 

105 Pa (0.986 atm). Given the very complex phase diagram of camphor, with at least nine 

different polymorphs when varying the pressure and temperature [140], it is possible that 

this feature near 40 K indicates another as-yet-unidentified low-T, low-P polymorph. 

 

 

Figure 6-5. The νc’s of the five most prominent phonon modes in the homochiral camphor samples 

(100µm thick, R(+) and S(-)) for their OC phases (<235K) and the νc’s of the broad absorption 

features in their PC phases (>235K). Approximate phase transition T’s are demarcated with the 

dotted lines. 

 

The νc’s of the five most prominent features for the homochiral camphor samples are 

plotted in Figure 6-5 vs. T. The phonon modes in the low-T OC phase(s) of homochiral 
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camphor red-shift with increasing T. The modes are qualitatively consistent with those 

observed in the previously cited Raman [99] and far-IR [100] studies. Above T≈140K the 

two higher frequency modes near 2 THz become nearly indistinguishable due to 

significant broadening, resulting in the increased scatter in their measured νc’s. The 

appearances/disappearances of the prominent phonon modes at T≈235 K are consistent 

with their previously cited phase behavior. Above T=244 K, the νc’s of the broad features 

in both the racemic and homochiral samples are indistinguishable if overlaid. 

Interestingly, around ~50K there is again a small, repeatable shift in the νc’s of the 

absorption features, similar to the racemic camphor samples (Figure 6-4), although much 

less apparent. Again, given the lack of phase behavior studies and the lack of controllable 

sample pressure, it is currently not possible to determine the origin of this behavior.  

 

6.1 Origin of the broad absorption feature 

The origin of the broad absorption feature in both racemic and homochiral camphors’ 

room-T PC phases and in racemic camphor’s low-T GC phase is of particular interest. Its 

persistence through racemic camphor’s PC-to-GC phase transition would seem to 

preclude the possibility of attributing it to long-range phonon mode(s) since, in addition 

to the presence of orientational disorder in both phases, the structure of the PC and GC 

phases are not equivalent; its PC phases have a hexagonal unit cell [141], while its GC 

phase unit cell is orthorhombic [97]. Additionally, earlier dielectric measurements have 

shown a Debye relaxation time of ~20 ps or slower at room temperature for the PC phase 

[134,142,143].  This would result in a resonant peak outside of the accessible frequency 

window of the spectrometer, and moreover it is not observed in racemic camphor’s low-T 
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GC phase. Therefore the measured absorption feature can not be attributed to the same 

Debye reorientational process observed in the dielectric studies. The dynamic process 

behind the measured THz feature is more than an order of magnitude faster; hence it must 

arise from a different molecular origin. To explore its origin, two approaches are taken. 

The first is the phenomological approach, described in Section 2.1.1, which stems from 

the characterization of completely disordered materials including polar and non-polar 

liquids. The second is a computational approach which relies upon ab initio DFT 

simulations of the four possible permutations of racemic camphor’s GC phase unit cell. 

First, to phenomologically characterize dipolar correlations in condensed phase 

disordered materials in the far-IR range, Mori’s continued fraction formalism (equation 

8) is often used. Past investigations of other orientationally-disordered PC’s, such as 

tertiary butyl-chloride [144] and methyl-chloroform [145], have suggested their far-IR 

spectra can be attributed to short-range correlated vibrations similar to the origin of the 

Poley peak in liquids, even in these cases where there is complete translational order but 

dynamic orientational disorder. Hence, the Mori description may be applicable. In 

liquids, the Poley peak’s physical origin has been attributed to gyroscopic orientational 

oscillations (librations) of a molecule’s permanent and/or induced dipole moment. In a 

simple itinerant oscillator model, the frequency of this libration is proportional to that of 

a rigid rotor, ( )2
1

IkT  [146]. Camphor has a non-zero dipole moment [147], so its 

correlated dipolar librations could potentially couple to the probing THz radiation.  
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Figure 6-6. The combined, n(ν)α(ν)c, spectra of racemic camphor plotted vs. their reduced 

frequencies at a few different T’s. Fits to equation 8 (red lines) and equation 8 with the Debye 

relaxation offset (blue lines) are also plotted. 

 

 

Plotted in Figure 6-6 are the fits of equation 8 to a few representative spectra of 

racemic camphor in its PC and GC phases, with their frequencies normalized by 

camphor’s rigid rotor frequencies approximated as a symmetric top, ( )2
1

2 IkT  [148]. With 

the known values of ∆ε(T) [134] and K1, K2, and γ as free parameters, the fits of equation 

8 to racemic camphor’s low-T GC phase (T<190K)  spectra are satisfactory; it reproduces 

the measured spectra well in the region of the peaks but deviates on their low frequency 

wings. However, equation 8 begins to fail for T>190K, demonstrated by the less than 

satisfactory fits of the T=195K and T=294K spectra in Figure 6-6. However, with 

inclusion of an additional n(0)α(0) additive offset parameter, the higher-T PC phase 

spectra can also be satisfactorily reproduced. Physically, this offset, which increases as T 

increases, can be attributed to the encroaching high-frequency wing of camphor’s PC 
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phase Debye relaxation [134,142,143]. Plotted in the inset are the extracted parameters 

K1, K2, and γ from the fits over the entire range of T’s. Although it is difficult to extract 

any quantitative information from this phenomological approach, the qualitative 

behaviors of the parameters provide some information on the general behavior of the 

correlated dipoles. The two intermolecular torque correlation parameters K2 and γ remain 

relatively constant in racemic camphor’s low-T GC phase, but then begin to decrease and 

slowly increase, respectively, as T approaches and passes TGC-PC. This indicates the 

dipolar motions are initially more highly correlated in its GC phase (higher K2) and 

remain correlated for a longer time (lower γ) compared to its PC phase. The parameter 

K1, with the exceptions of the GC anomalous and expected phase transitions, decreases 

approximately linearly with T, most noticeably after the GC-PC phase transition.  

 

Figure 6-7. Normalized fit parameters compared to the normalized parameters of several liquids and 

a rotor phase(CH4) from the work of Davies and Evans [13]. 

 

The normalized fit parameters extracted from equation 8 (normalized using ( )2

1

2 IkT  

for γ and ( )IkT2 for K1, K2) can also be compared to the results of Davies and Evans 
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[31] for several different molecules in their bulk liquid phases and 1 rotor phase (CH4) 

(Figure 6-6). Interestingly, camphor’s K2 parameters in its GC and PC phases, while 

practically equivalent to each other, are almost an order of magnitude smaller compared 

to the liquids, i.e. relative to the liquids its mean squared intermolecular torque is initially 

more weakly correlated, which is reasonable given its translational order. The K1 and γ 

parameters are comparable to the liquids in its PC phase (T=294) but are an order of 

magnitude less in its low-T GC phase (T=12K), corresponding to a significant decrease in 

both the dipolar angular momentum and in the damping of the correlations. Hence with 

reduced temperature its rotational/librational dynamics are slowed and remain correlated 

for a longer period of time. From γ, the lifetime of these correlation are ~0.2 ps and ~0.06 

ps in its GC (T=12K) and PC (T=294K) phases, respectively. The satisfactory fits of the 

spectra to equation support the hypothesis that the broad feature originates from 

correlated dipolar motion, following the correlation function described in Davies and 

Evans [31]. 

As an alternative approach to analyzing the broad absorption feature, ab initio density 

functional theory can be used since racemic camphor’s GC phase has no dynamic 

orientational disorder, hence racemic camphor’s unit cells can be discretely represented 

in the simulations. The four known polymorphs of racemic camphor’s GC phase unit 

cells, treating each as a separate orientationally-ordered single-crystal, were simulated by 

Ruggiero and Korter [22]. The simulations of each of the separate polymorphs predict the 

presence of ≤8 IR-active modes in this spectral range. Since each unit cell in the sample 

contains randomly oriented molecules representing one of these four possible 

orientations, it is reasonable to assume that the measured spectrum could be predicted by 
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superposing the four independently calculated spectra. The superimposed modes of the 

four ‘single-crystal’ polymorphs are plotted in Figure 6-8 along with the spectrum of the 

600 µm thick racemic camphor sample at T=100 K.  

 

Figure 6-8. The measured absorption spectrum of a 600µm racemic camphor sample at T=100K (red 

line) plotted with the combined spectrum using the DFT predicted modes from its four GC phase 

‘single-crystal’ unit cells (each broadened using a Lorentzian with a broadening factor of 

∆υ=600GHz) (black dotted line). Also plotted are the mode IR intensities for all four unit cells 

(columns, right scale).  

 

The predicted modes from the different polymorphs, which group together in the 

spectrum with similar νc’s, arise from the same eight molecular rotations about their 

crystallographic axes. In order of increasing frequency, the mutually predicted modes 

correspond to the following rotations: about a, about b, about c, about a, in bc plane, in 

ab plane, about abc, and about b. The theoretical rotational modes, superimposed in the 

same spectrum, physically represent a theoretical polycrystal which consists of extended 

orientationally-ordered single crystal domains of camphor’s four simulated GC 
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polymorphs. In reality, however, camphor’s orientational disorder is much more 

homogeneously distributed. This increased nano-scale disorder relative to the theoretical 

polycrystal would manifest itself in the experimental spectra through broadening of the 

mode linewidths, ∆υ. With this in mind, the modes are convolved with Lorentzians using 

their predicted IR intensities and equal ∆υ’s of 600GHz. This theoretical spectrum is also 

plotted in Figure 6-6 along with a representative experimental spectrum. In this case the 

predicted modes can closely mimic the experimental spectrum when significant 

broadening is included. This description is similar to the previously mentioned ‘liquid-

lattice’ theory of past studies [47]. However, here modern theoretical methods and the 

fixed partial-disorder of camphor’s GC phase have allowed the prediction of the actual 

modes, and their origins, which contribute to the spectra. With ∆υ’s of 600GHz, an order 

of magnitude estimate of the coherence length of the vibrations can be made.  A FWHM 

linewidth of 0.6 THz corresponds to a lifetime of ~0.3 ps. Using the speed of sound in 

camphene (~1500 m/s) (a similar plastic-crystal) [149], this lifetime correspond to a 

coherence length of only ~0.4 nm, which is roughly the size of a single camphor 

molecule. If the broad feature does originate from the superposition of these predicted 

‘single-crystal’ modes, the extreme broadening in the experimental spectra is 

undoubtedly a result of racemic camphor’s inherent orientational disorder. To confirm 

experimentally that the orientational disorder is intrinsic to the GC phase of racemic 

camphor, a sample was annealed at TGC-PC for 144hrs. In spite of the annealing process, 

no significant change (specifically the emergence of finer spectral features), were 

observed in its annealed low-T GC phase spectra (Figure 6-9). 
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Figure 6-9. α(ν) at T=90K of a 600µm thick racemic camphor sample after 24hrs (black) and 144hrs 

(red) of annealing at TPC-GC. The slight reduction in absorption intensity is due to sample loss from 

sublimation. 

 

 

6.1 Origin of the resonant modes in camphor’s low-T OC phase(s) 

Plotted in Figure 6-10 is a representative OC phase spectrum of a 300 µm thick 

homochiral (S(-)) sample at T=100 K, along with the vibrational modes predicted via 

solid-state DFT simulations performed by Ruggiero and Korter [22]. Despite homochiral 

camphor’s complex low-T structure [96] with 8 molecules per unit cell, the simulations 

reproduce a spectrum very similar to the experiment, predicting 15 IR-active modes with 

relative intensities comparable to the experimental values. When the modes are 

convolved with Lorentzians, using the predicted IR intensities and mode-independent 

FWHM linewidths of 100 GHz, the theoretical absorption spectrum closely resembles the 

measured one. The slightly lower experimental intensities are probably due to the quality 
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of the samples (polycrystalline vs. oriented single crystals) and, potentially, the presence 

of residual orientationally-disorder domains after cooling below TPC-OC.  Given the large 

number of predicted modes it can be difficult to unambiguously assign them to their 

experimental counterparts. The predicted modes, in order of ascending frequency, 

correspond to the following molecular motions about homochiral camphors’ OC phase 

crystallographic axes: rotation about c, translation in c, rotation about a, rotation about a, 

rotation about c, rotation about b, rotation about c, translation in b, rotation about a, 

rotation about b, rotation about c, rotation about c, rotation about a, rotation about a, and 

finally rotation about c. 

 

Figure 6-10. Comparison of the measured 100K homochiral (S(-)) absorption spectrum (red line) 

with the convolved ∆υ=100GHz Lorentzian spectrum using the predicted mode frequencies and 

intensities (black dotted line). The mode IR intensities are also plotted (columns, right scale). The 

measured spectrum has been vertically offset by -17cm
-1

 to zero. 
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6.3 Conclusions 

In the partially-disordered phases of this soft matter, both the phenomological and 

computational approach characterize the behavior of its THz absorption spectrum.  In 

both cases, the same conclusion is obtained for its molecular origin: the correlated 

rotation/libration of the molecules. Both approaches also lead to nearly the same 

estimated lifetime for these correlations of about 0.2-0.3 ps. This time constant is nearly 

two orders of magnitude faster than previously characterized Debye processes in this 

material, suggesting a different molecular origin.  Since the dynamics are disorder-

localized and purely rotational, they can persist through the PC to GC phase transition 

despite the different structures and the ‘freezing-in’ of its dynamic orientational disorder. 

The intermediary nature of the disorder in the PC and GC phases of camphor pose an 

interesting question concerning what terminology to use to label this broad feature. It is 

tempting to label it as a Poley or Boson peak, given the satisfactory fits to Equation 1, the 

evidence for disorder-localized modes, and the past studies of disordered solids and other 

PC’s. It has been suggested both the Boson peak and Poley peak arise from the same 

underlying molecular origin [53]. Both labels, however, have historically only been used 

for the anomalous far-IR peaks found in amorphous solids and liquids. In addition, the 

Boson peak has traditionally been described as an excess in the Debye acoustic 

vibrational density of states, modes which normally would not couple to optical 

excitations. However, it is well known that the presence of disorder breaks down the 

selection rules preventing far-IR optical excitation of acoustic modes [30] and studies 

have shown that the Boson peak can consist of both acoustic and/or non-acoustic 

contributions [150-152]. And, indeed, a similar far-IR feature in ortho-carborane, another 
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orientationally-disordered molecular PC, has been labeled as a Boson peak, with its 

origin attributed to the coupling of IR-active phonon-like modes to localized vibrational 

modes [153]. While it may be presumptuous to label camphor’s THz range broad 

absorption feature as a Boson peak or Poley peak, it certainly could be their analogue in 

the partially-disordered phases of this chiral molecular system.  
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Chapter 7 

Summary of results and future work 

For this thesis, three soft condensed matter systems were explored using temperature-

dependent reflection and transmission geometry THz-TDS. First, a custom designed 

reflection geometry THz-TDS setup was developed in order to use a novel variable path 

length double-pass transmission sample cell. The cell and spectrometer’s capabilities 

were demonstrated in Chapter 4, where the isotropic molecular polarizabilities of liquid 

phase single methyl branched n-alkanes were measured and compared to the 

polarizabilities of their linear counterparts. The addition of the single branched methyl 

group to a linear chain backbone increases their isotropic polarizabilities by a fixed 

amount, regardless of the backbone chain length or the position of the methyl branch. 

Hence, the empirical group additive model remains valid for the branched n-alkanes in 

the THz range and its advantages and disadvantages were demonstrated by comparison 

with two theoretical approaches. Second, the temperature-dependent THz spectra of the 

molecular plastic-crystal succinonitrile were measured in both its high-T PC phase and its 

low-T OC phase, with and without ionic impurities, in Chapter 5. In its PC phase, SN’s 

THz range spectra were shown to be dominated by a Debye-like relaxational process 

which is hindered in the presence of ionic impurities. In its OC phase, characteristic 

lattice vibrational modes were measured and compared with theoretically predicted 

modes. In addition, the modes were suppressed in the presence of the ionic impurities due 

to the destruction of long-range order. Finally, the temperature-dependent THz spectra of 

the chiral molecular plastic-crystal camphor were measured for both homochiral and 

racemic camphor samples in Chapter 6. A broad absorption feature, universal to both the 
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racemic and homochiral samples in their high-T PC phases and exclusive to racemic’s 

low-T GC phase, was shown to originate from correlated dipolar dynamics using both a 

phenomological and ab initio theoretical approach. Finally, in homochiral camphor their 

low-T OC phase spectra displayed characteristic lattice vibrational modes which were 

compared to theoretical predictions.   

 

7.1 Future research directions 

For observation of the phase behavior in the THz-TDS studies detailed in this thesis, 

only the temperature could be varied, while their pressure remained constant and 

invariable. To truly explore the complete phase behavior of a material, both the 

temperature and pressure need to be controllable. However, in most THz-TDS studies, 

pressure remains a very rarely accessed experimental parameter, most likely due to the 

difficulty and high cost of designing and fabricating a custom sample cell for THz 

frequencies. Traditionally, diamond-anvil cells are used for pressure-dependent studies in 

higher frequency ranges (optical). However, in the THz range these cells are practically 

unusable; the apertures for optical access and the sample volumes are much too small to 

work effectively using traditional THz-TDS techniques. Hence, a custom cell designed 

for THz-TDS with controllable pressure and temperature would be a boon for the 

characterization of condensed phase materials, revealing largely unaccessed regions of 

their phase diagrams, ripe for exploration using THz-TDS. For example, Figure 7-1 

shows a phase diagram of camphor which reveals the existence of many different 

polymorphs; polymorphs that can only be accessed through control of the sample’s 

pressure. 
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Figure 7-1. Phase diagram of d-camphor showing its many possible polymorphs [99]. 

 

 

With this in mind, a custom sample cell, designed for the reflection geometry, has 

been designed to control a sample’s pressure and temperature from P=0-5000 psi (0-

34.5KPa) and T=77°C-200°C. Figures 7-2 and 7-3 show diagrams of the proposed 

sample cell. Similar to a cryostat, the sample will be housed within a copper cold finger, 

which is surrounded by an insulating vacuum chamber and enclosed in a stainless steel 

outer shell. Control of the pressure necessitates an inner sample chamber window which 

will be composed of polycrystalline CVD diamond rather the typical single-crystal 

diamond used in diamond-anvil cells or common THz window materials such as HR-Si. 

This choice is primarily due to the larger-sized window needed for THz wavelengths and 

its need to withstand high pressure; the other choices were either prohibitively costly 

(single-crystal diamond) or much too thick (HR-Si) to be practical. With control of the 

temperate and pressure of a sample, the experimental capabilities of the reflection THz 

TD-spectrometer will be considerably expanded, permitting access to previously 

unexplored phases of condensed matter in the THz range.  
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Figure 7-2. Diagram of the pressure cell’s sample area  

 

Figure 7-3. External diagrams of the proposed pressure cell 
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APPENDIX A 

 
% Trans.m 
% 
% For analysis of single and double-pass transmission geometry THz 
% waveforms 
  
close all 
clear all 
clc 
  
format short e 
 
%% INPUT 
% Read in the Time-Domain Signals 
data1=dlmread('reference.txt','\t');     
filename='sample.txt';                           
data2=dlmread(filename,'\t'); 
savefilename=strcat('n_',filename); 
  
% TD wavefrom windowing  
wi=8;           % ps before peak     
wf=20;          % ps after peak 
  
% Path length of sample 
dl=0.692;       % mm 
  
% Find array index of peaks in TD waveforms 
[P,X]=findpeaks(-data1(:,2),'minpeakheight', 0.0001); 
refind=X; % reference peak index 
[P,X]=findpeaks(-data2(:,2),'minpeakheight', 0.0001); 
sigind=X; % signal peak index 
  
  
%% Zeroing 
% Removes DC offset 
last=1024; 
ref=data1(1:last,2); 
X=mean(ref(1:200)); 
D=1; 
ref=ref-D*X; 
signal=data2(1:last,2); 
Y=mean(signal(1:200)); 
signal=signal-D*Y; 
  
%% FFT SETUP: Freq array + FFT size 
  
% number of samples 
n=size(signal,1); 
samples=15; 
nfft=2^samples; 
freq=(0:(nfft-1))/(nfft*(data1(2,1)-data1(1,1))); 
N=length(signal); 
deltaT= data1(2,1)- data1(1,1); 
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freq=freq'; 
omega=freq*2*pi; 
c=.299792458; %mm/ps 
  
%% WINDOWING 
  
% apply time domain trapezoidal window to the ref peak 
tmin=refind-round(wi/deltaT); 
tmax=refind+round(wf/deltaT); 
winfunc=zeros(N,1); 
winfunc(tmin:tmax)=windowdan(tmax-tmin+1,'trapezoid',round(5/deltaT)); 
refwin=ref.*winfunc; 
  
% apply time domain trapezoidal window to the signal peak 
tmin=sigind-round(wi/deltaT); 
tmax=sigind+round(wf/deltaT); 
winfunc=zeros(N,1); 
winfunc(tmin:tmax)=windowdan(tmax-tmin+1,'trapezoid',round(5/deltaT)); 
sigwin=signal.*winfunc; 
  
%% FFT's 
  
%fft for ref 
J1=fft(refwin,nfft); 
ampref=abs(J1); 
phaseref=unwrap(angle(J1)); 
  
%fft for signal1; 
J2=fft(sigwin,nfft); 
ampsig=abs(J2); 
phasesig=unwrap(angle(J2)); 
  
%dividing by freq noisefloor 
noisefloor=mean(ampsig(10000:30000)); 
ampsig=ampsig./noisefloor; 
ampref=ampref./noisefloor; 
  
%% INDEX AND ABSORPTION: Thick sample approximation 
  
omegax = omega*dl; 
nwin=3.42; % window index of refraction 
n1=(phasesig-phaseref)./omegax*c+1; 
T=n1.*(nwin+1).^2./(nwin+n1).^2; 
alpha1=-20*(log(T.*ampsig./ampref))./dl; 
k1=alpha1.*c./(20*omega); 
  
%% NUMERICAL FITTING: Newton-Raphson Method xn+1=xn-f(xn)/f'(xn) 
  
index1=100;     % Start index of fit region  
index2=3500;    % End index of fit region 
J1s=J1(index1:index2,1);J2s=J2(index1:index2,1); 
omega1=omega(index1:index2,1); 
freq1=freq(index1:index2,1); 
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A=omega1*dl/c; 
  
n2=zeros(index2-index1+1,1)+1.4+0.2*1i; %initial guess 
  
MAXINT=1000;    % Max iterations for each data point   
TOL=1e-9;       % Minimum error tolerance 
[x,y]=size(n2); 
DT=diff(J2s./J1s); 
  
for p=1:x-1 
    if p>2 
        nnew=nprev;  %uses previous fitted value of n for next data 
point 
    else 
        nnew=n2(p,1); %initial guess 
    end 
    for r=1:MAXINT 
    nprev=nnew;     
 
%Full transmission function and its derivative w/infinite Fabry-Perot 
reflections 
    f0r=J2s(p,1)/J1s(p,1)-2*nprev./(nprev+nwin).*exp(-
 1i*A(p,1).*(nprev-1))/(1-((nprev-nwin)/(nprev+nwin)).^2.*exp(-
 2*1i*nprev*A(p,1))); 

 
    df0r=DT(p,1)-(2*exp(1i*A(p,1)*(1+nprev))*((-
 1i)*A(p,1)*(1+exp((2*1i)*A(p,1)*nprev))*nprev^4+nwin^3*(-1-
 1i*A(p,1)*nprev+exp((2*1i)*A(p,1)*nprev)*(1-
 1i*A(p,1)*nprev))+nwin*nprev^2*(3+1i*A(p,1)*nprev+exp((2*1i)*A(p,
 1)*nprev)*(1-(3*1i)*A(p,1)*nprev))+nwin^2*nprev*(-
 2+1i*A(p,1)*nprev+exp((2*1i)*A(p,1)*nprev)*(2-
 (3*1i)*A(p,1)*nprev))))/((-1+ 
 exp((2*1i)*A(p,1)*nprev))*nwin^2+2*(1+exp((2*1i)*A(p,1)*nprev))*n
 win*nprev+(-1+exp((2*1i)*A(p,1)*nprev))*nprev^2)^2; 

 
    nnew=nprev-f0r/df0r; 
    nnew=nnew; 
    if abs(nnew-nprev)<TOL   %  
        n2(p,1)=nnew; 
        break 
    end 
    if r==MAXINT 
    display('DID NOT CONVERGE AT'); p 
    end 
    end 
end 
  
f0=2*n2./(n2+nwin).*exp(-1i*A.*(n2-1))./(1-((n2-
nwin)./(n2+nwin)).^2.*exp(-2*1i*n2.*A)); 
ampcalc=abs(f0); 
phasecalc=unwrap(angle(f0)); 
  
% Compare experimental T(w) to fitted T(w) 

 
figure 
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subplot(2,2,1) 
plot(freq(index1:index2,1),ampsig(index1:index2,1)./ampref(index1:index
2,1),'r',freq1,ampcalc,'b') 
title('abs(T(w)) fit') 
axis([0 3 -1 1]) 
subplot(2,2,2) 
plot(freq(index1:index2,1),phasesig(index1:index2,1)-
phaseref(index1:index2,1),'r',freq1,phasecalc,'b') 
title('angle(T(w)) fit') 
axis([0 3 -100 5]) 
  
  
%% Index, extinction, and abs. coeff. 
  
k2=-imag(n2); 
n2r=real(n2); 
alpha2=k2*10*2.*omega1/c;  
  
%% Permittivity 
  
e1=n2r.^2-k2.^2; 
e2=2*n2r.*k2; 
  
%% Conductivity 
  
e0=8.85*10^-2 ; %S*ps/cm 
  
c1=e0*omega1.*e2; 
c2=-e0*omega1.*(e1-1); 
  
%% ABSORPTION COEFFICIENT DYNAMIC RANGE 
  
MAX=-20*log(T.*1./ampsig)./dl; 
  
%% PLOTS AND FILE OUTPUT 
 
% Also to compare thick film approximation vs. numerical results  

 
subplot(2,2,3) 
plot(freq1,n2r,'b',freq1,k2,'r',freq,n1,'g',freq,k1,'g'); 
title('n and k') 
axis([0 4 0 3]) 
subplot(2,2,4) 
title('alpha') 
plot(freq,alpha1,'g',freq1,alpha2,'r',freq,MAX) 
axis([0 4 -10 200])  
  
last=3200; 
ALL=[freq1(1:last,1) e1(1:last,1) e2(1:last,1) n2r(1:last,1) 
k2(1:last,1) alpha2(1:last,1)]; 
dlmwrite(savefilename,ALL,'newline','pc') 
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APPENDIX B 

 
% Pol3.m 
  
% For the prediction of the isotropic polarizabilities of the branched 
and linear n-alkanes using the bond additive model.  
  
clc 
clear all; 
  
Nc=12;  % # of carbons in the molecule 
 
%for Nc=9:16   
 
for pert=1:1  %pert=angular pertubation to bond angles to approximate 
bending  
    clearvars -except pert Pavg l Nk Nc dPavg IPavg 
x=[1 0 0];  % principal axes 
y=[0 1 0]; 
z=[0 0 1]; 
  
C=1; 
CHpar=0.868/C;   %10^-24cm^3 or A^3 
CHperp=0.488/C; 
CCpar=0.719/C; 
CCperp=0.381/C; 
  
a=1.54;   
b=1.1; 
theta=109.5/2; 
  
Nh=(2*Nc+2); 
  
%% Generate carbon atom positions 
c=cell(Nc,1); 
perttheta=linspace(0,pert,Nc); % C-C-C bond bend perturbation  
  
% Extended conformation 
c{1}=[0 0 0]; 
for i=2:Nc 
    if mod(i,2)==0 
      r=[0 cosd(theta+perttheta(1,i)) sind(theta+perttheta(1,i))]; 
      c{i}=c{i-1}+a*r/norm(r); 
    else 
      r=[0 -cosd(theta-perttheta(1,i)) sind(theta-perttheta(1,i))]; 
      c{i}=c{i-1}+a*r/norm(r); 
    end 
end 
  
% % Kinked conformation---- C takes place of H and vice versa 
% Nk=4; % Kink location 
% c{1}=[0 0 0]; 
% for i=2:Nc 
%     if mod(i,2)==0    
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%         if i>=Nk 
%             r=[-cosd(theta+perttheta(1,i)) -
sind(theta+perttheta(1,i)) 0]; 
%             c{i}=c{i-1}+a*r/norm(r); 
%         else 
%             r=[0 cosd(theta+perttheta(1,i)) 
sind(theta+perttheta(1,i))]; 
%             c{i}=c{i-1}+a*r/norm(r); 
%         end 
%     else 
%         if i>=Nk 
%             r=[-cosd(theta-perttheta(1,i)) sind(theta-perttheta(1,i)) 
0]; 
%             c{i}=c{i-1}+a*r/norm(r); 
%         else 
%             r=[0 -cosd(theta-perttheta(1,i)) sind(theta-
perttheta(1,i))]; 
%             c{i}=c{i-1}+a*r/norm(r); 
%         end 
%     end 
% end 
  
  
%% Generate Hydrogen Atom positions 
  
h=cell(Nh,1); 
h{1}=c{1}+[0 b*cosd(theta) -b*sind(theta)];  % Bottom end hydrogen pos 
if mod(Nc,2)==0 
    r=[0 cosd(theta) -sind(theta)]; 
    h{Nh}=c{Nc}-b*r/norm(r);                 % Top end hydrogen pos 
else 
    r=[0 -cosd(theta) -sind(theta)]; 
    h{Nh}=c{Nc}-b*r/norm(r);                 % Top end hydrogen pos 
end 
  
v2=(c{2}-c{1})/norm(c{2}-c{1}); v1=(h{1}-c{1})/norm(h{1}-c{1}); 
%defines vectors from c1-c2 and c1-h 
bisect=(v2+v1)/norm(v2+v1);          % unit vector that bisects v2, v1 
rotaxis=cross(bisect,cross(v2,v1));  % defines rotation vector  
h{2}=c{1}+b*rot(bisect,rotaxis,pi/180*(180-theta)); % rotates bisect 
vector about rotaxis to correct bond angle 
h{3}=c{1}+b*rot(bisect,rotaxis,pi/180*(theta-180)); 
  
for i=2:Nc 
    if i==Nc 
    v2=(h{2*Nc+2}-c{i})/norm(h{2*Nc+2}-c{i}); v1=(c{i-1}-
c{i})/norm(c{i-1}-c{i}); 
    else 
    v2=(c{i+1}-c{i})/norm(c{i+1}-c{i}); v1=(c{i-1}-c{i})/norm(c{i-1}-
c{i}); 
    end 
   bisect=(v2+v1)/norm(v2+v1); 
   rotaxis=cross(bisect,cross(v2,v1)); 
   h{2*i}=(c{i}+b*rot(bisect,rotaxis,pi/180*(180-theta))); 
   h{2*i+1}=(c{i}+b*rot(bisect,rotaxis,pi/180*(theta-180))); 
end 
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%% C-C bond polarizability contributions  
  
xpar(1,1)=dot(c{2}-c{1},x)/norm(c{2}-c{1}); %Parallel contribution to 
alpha-x 
ypar(1,1)=dot(c{2}-c{1},y)/norm(c{2}-c{1}); % "                  "    
alpha-y 
zpar(1,1)=dot(c{2}-c{1},z)/norm(c{2}-c{1}); % "                  "    
alpha-z 
xp=rot(c{2}-c{1},cross(c{2}-c{1},x),pi/2);  %Rotate bond vector 90deg 
in bond-x plane  
yp=rot(c{2}-c{1},cross(c{2}-c{1},y),pi/2);  %  "           "          "       
y plane 
zp=rot(c{2}-c{1},cross(c{2}-c{1},z),pi/2);  %  "           "          "       
z plane 
xperp(1,1)=dot(xp,x)/norm(xp);              %Perpendicular contribution 
to alpha-x  
yperp(1,1)=dot(yp,y)/norm(yp);              % "                  "         
alpha-y 
zperp(1,1)=dot(zp,z)/norm(zp);              % "                  "         
alpha-z 
  
  
for i=2:Nc-1 
xpar(i,1)=dot(c{i+1}-c{i},x)/norm(c{i+1}-c{i}); 
ypar(i,1)=dot(c{i+1}-c{i},y)/norm(c{i+1}-c{i}); 
zpar(i,1)=dot(c{i+1}-c{i},z)/norm(c{i+1}-c{i}); 
xp=rot(c{i+1}-c{i},cross(c{i+1}-c{i},x),pi/2); 
yp=rot(c{i+1}-c{i},cross(c{i+1}-c{i},y),pi/2); 
zp=rot(c{i+1}-c{i},cross(c{i+1}-c{i},z),pi/2); 
xperp(i,1)=dot(xp,x)/norm(xp); 
yperp(i,1)=dot(yp,y)/norm(yp); 
zperp(i,1)=dot(zp,z)/norm(zp); 
end 
  
%Denbigh Average 
dCCx=CCpar*xpar.^2+CCperp*(1-xpar.^2); 
dCCy=CCpar*ypar.^2+CCperp*(1-ypar.^2); 
dCCz=CCpar*zpar.^2+CCperp*(1-zpar.^2); 
  
%Actual 
CCpx=abs(xpar)*CCpar+abs(xperp)*CCperp; 
CCpy=abs(ypar)*CCpar+abs(yperp)*CCperp; 
CCpz=abs(zpar)*CCpar+abs(zperp)*CCperp; 
  
%% CH Bond Polarizability contributions 
  
% Beginning (bottom) CH bond 
xpar(1,1)=dot(h{1}-c{1},x)/norm(h{1}-c{1}); %Parallel contribution to 
alpha-x  
ypar(1,1)=dot(h{1}-c{1},y)/norm(h{1}-c{1}); % "                  "    
alpha-y    "  
zpar(1,1)=dot(h{1}-c{1},z)/norm(h{1}-c{1}); % "                  "    
alpha-z    " 
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xp=rot(h{1}-c{1},cross(h{1}-c{1},x),pi/2);  %Rotate bond vector 90deg 
in bond-x plane  
yp=rot(h{1}-c{1},cross(h{1}-c{1},y),pi/2);  %  "           "          "       
y plane 
zp=rot(h{1}-c{1},cross(h{1}-c{1},z),pi/2);  %  "           "          "       
z plane 
xperp(1,1)=dot(xp,x)/norm(xp);              %Perpendicular contribution 
to alpha-x  
yperp(1,1)=dot(yp,y)/norm(yp);              % "                  "         
alpha-y 
zperp(1,1)=dot(zp,z)/norm(zp);              % "                  "         
alpha-z 
  
% End (top) CH bond 
xpar(Nh,1)=dot(h{Nh}-c{Nc},x)/norm(h{Nh}-c{Nc});  
ypar(Nh,1)=dot(h{Nh}-c{Nc},y)/norm(h{Nh}-c{Nc}); 
zpar(Nh,1)=dot(h{Nh}-c{Nc},z)/norm(h{Nh}-c{Nc}); 
xp=rot(h{Nh}-c{Nc},cross(h{Nh}-c{Nc},x),pi/2);  
yp=rot(h{Nh}-c{Nc},cross(h{Nh}-c{Nc},y),pi/2);  
zp=rot(h{Nh}-c{Nc},cross(h{Nh}-c{Nc},z),pi/2); 
xperp(Nh,1)=dot(xp,x)/norm(xp);  
yperp(Nh,1)=dot(yp,y)/norm(yp);  
zperp(Nh,1)=dot(zp,z)/norm(zp);  
  
% 1st H bonded to 1st carbon 
xpar(2,1)=dot(h{2}-c{1},x)/norm(h{2}-c{1});  
ypar(2,1)=dot(h{2}-c{1},y)/norm(h{2}-c{1}); 
zpar(2,1)=dot(h{2}-c{1},z)/norm(h{2}-c{1}); 
xp=rot(h{2}-c{1},cross(h{2}-c{1},x),pi/2); 
yp=rot(h{2}-c{1},cross(h{2}-c{1},y),pi/2); 
zp=rot(h{2}-c{1},cross(h{2}-c{1},z),pi/2); 
xperp(2,1)=dot(xp,x)/norm(xp);   
yperp(2,1)=dot(yp,y)/norm(yp); 
zperp(2,1)=dot(zp,z)/norm(zp); 
     
% 2nd H bonded to 1st carbon 
xpar(3,1)=dot(h{3}-c{1},x)/norm(h{3}-c{1});  
ypar(3,1)=dot(h{3}-c{1},y)/norm(h{3}-c{1}); 
zpar(3,1)=dot(h{3}-c{1},z)/norm(h{3}-c{1}); 
xp=rot(h{3}-c{1},cross(h{3}-c{1},x),pi/2); 
yp=rot(h{3}-c{1},cross(h{3}-c{1},y),pi/2); 
zp=rot(h{3}-c{1},cross(h{3}-c{1},z),pi/2); 
xperp(3,1)=dot(xp,x)/norm(xp);   
yperp(3,1)=dot(yp,y)/norm(yp); 
zperp(3,1)=dot(zp,z)/norm(zp); 
  
for i=2:Nc 
    % 1st H bonded to i'th carbon 
    xpar(2*i,1)=dot(h{2*i}-c{i},x)/norm(h{2*i}-c{i});  
    ypar(2*i,1)=dot(h{2*i}-c{i},y)/norm(h{2*i}-c{i}); 
    zpar(2*i,1)=dot(h{2*i}-c{i},z)/norm(h{2*i}-c{i}); 
    xp=rot(h{2*i}-c{i},cross(h{2*i}-c{i},x),pi/2); 
    yp=rot(h{2*i}-c{i},cross(h{2*i}-c{i},y),pi/2); 
    zp=rot(h{2*i}-c{i},cross(h{2*i}-c{i},z),pi/2); 
    xperp(2*i,1)=dot(xp,x)/norm(xp);   
    yperp(2*i,1)=dot(yp,y)/norm(yp); 
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    zperp(2*i,1)=dot(zp,z)/norm(zp); 
     
    % 2nd H bonded to i'th carbon 
    xpar(2*i+1,1)=dot(h{2*i+1}-c{i},x)/norm(h{2*i+1}-c{i});  
    ypar(2*i+1,1)=dot(h{2*i+1}-c{i},y)/norm(h{2*i+1}-c{i}); 
    zpar(2*i+1,1)=dot(h{2*i+1}-c{i},z)/norm(h{2*i+1}-c{i}); 
    xp=rot(h{2*i+1}-c{i},cross(h{2*i+1}-c{i},x),pi/2); 
    yp=rot(h{2*i+1}-c{i},cross(h{2*i+1}-c{i},y),pi/2); 
    zp=rot(h{2*i+1}-c{i},cross(h{2*i+1}-c{i},z),pi/2); 
    xperp(2*i+1,1)=dot(xp,x)/norm(xp);   
    yperp(2*i+1,1)=dot(yp,y)/norm(yp); 
    zperp(2*i+1,1)=dot(zp,z)/norm(zp); 
end 
  
%Denbigh Average 
dCHx=CHpar*xpar.^2+CHperp*(1-xpar.^2); 
dCHy=CHpar*ypar.^2+CHperp*(1-ypar.^2); 
dCHz=CHpar*zpar.^2+CHperp*(1-zpar.^2); 
  
%Actual 
CHpx=abs(xpar)*CHpar+abs(xperp)*CHperp; 
CHpy=abs(ypar)*CHpar+abs(yperp)*CHperp; 
CHpz=abs(zpar)*CHpar+abs(zperp)*CHperp; 
  
%% Average Polarizability 
  
dpx=sum(dCCx)+sum(dCHx); dpy=sum(dCCy)+sum(dCHy); 
dpz=sum(dCCz)+sum(dCHz); 
px=sum(CCpx)+sum(CHpx); py=sum(CCpy)+sum(CHpy); pz=sum(CCpz)+sum(CHpz); 
%Pavg(Nc,1)=(px+py+pz)/3; 
%dPavg(Nc,1)=(dpx+dpy+dpz)/3; 
Pavg(pert,1)=(px+py+pz)/3; 
dPavg(pert,1)=(dpx+dpy+dpz)/3; 
  
%IPavg(Nc,1)=(Nc-1)*(CCpar+2*CCperp)/3+(2*Nc+2)*(CHpar+2*CHperp)/3; 
IPavg(pert,1)=(Nc-1)*(CCpar+2*CCperp)/3+(2*Nc+2)*(CHpar+2*CHperp)/3; 
  
%% Generate matrix for plotting the structure 
  
% carbon atom positions 
Cpos=vertcat(c{1},c{2}); 
for i=3:Nc 
Cpos=vertcat(Cpos,c{i}); 
end 
  
% hydrogen atom positions 
Hpos=vertcat(h{1},h{2}); 
for i=3:Nh 
Hpos=vertcat(Hpos,h{i}); 
end 
  
l(pert,1)=norm(h{Nh}-h{1}); %End to end length of the molecule 
  
hold on  
subplot(1,2,1) 
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plot(l/l(1,1),Pavg,'b.',l/l(1,1),dPavg,'r.')%l/l(1,1),Pavg,'b.',l/l(1,1
),IPavg,'g.') 
subplot(1,2,2) 
hold off 
plot3(Cpos(:,1),Cpos(:,2),Cpos(:,3),'-
o',Hpos(:,1),Hpos(:,2),Hpos(:,3),'r.'); 
axis([-15 15 -15 15 -15 15]); 
getframe; 
end 
  
%end 
# actual=[17.10967 18.89652 20.73283 22.59136 24.36223 26.25888 
28.02156 29.86187]';  Compare to actual measured values 
% figure 
% Nc=linspace(9,16,8); 
 
plot(Nc,Pavg(9:16,1),'ro',Nc,actual,'b.',Nc,dPavg(9:16,1),'bo',Nc,IPavg
(9:16,1),'ko') 
 

 


