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Abstract: We demonstrate the suitability of terahertz time-domain 

spectroscopy as a non-destructive, contact-free tool to monitor the glass 

transition in polymers – a core feature of the amorphous phase. Below the 

glass transition temperature Tg, segmental motions along the polymer chain 

are frozen due to the lack of free volume between neighboring 

macromolecules. We show that this transition also reflects in the 

temperature dependence of the refractive index at terahertz frequencies. 

Two domains can be identified, which differ in their sensitivity to 

temperature changes. To verify the proposed approach, we determine the 

glass transition temperature Tg of semi-crystalline poly(oxymethylene) 

(POM) with terahertz time-domain spectroscopy and validate the results by 

destructive differential scanning calorimetry (DSC) measurements. 
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1. Introduction 

The terahertz (THz) regime, located between the microwaves and the infrared, is commonly 

defined by the frequency range of 0.3 THz to 10 THz, i.e., wave numbers of 10 cm
−1

 to 

333 cm
−1

. For long, the lack of efficient THz sources and detectors allowed only small 

glimpses into this highly interesting but most elusive field of science. Today, the rapid 

progress in femtosecond laser science and microwave engineering finally enables the full 

access to this long unexplored frequency band [1,2]. 

Hence, a plethora of scientific and industrial applications has emerged over the past two 

decades. Among them are spectroscopy on biomolecules [3,4] and conducting polymers [5,6], 
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as well as chemical recognition [7–10]. Furthermore, THz technology can prevail as a non-

destructive, contactless technique for industrial process monitoring and quality control, e.g., 

in the pharmaceutical [11], the food [12], and the plastics industry [13]. 

Altering the chemical composition or the morphology of a polymer, e.g., by ageing or 

exposition to radiation often results in a change of the dielectric properties. Thus, by 

monitoring these dielectric parameters using THz time-domain spectroscopy (TDS), 

information of inter- and intramolecular processes inside the polymer can be obtained. For 

instance, THz technology has been employed to evaluate the cross-linking process of 

polystyrene and the epoxy-based photoresist SU-8 [14,15]. Furthermore, the investigation of 

solvent diffusion in polymers [16] and the degradation diagnosis of ultrahigh-molecular-

weight polyethylene [17] have been successfully demonstrated using THz waves. Here, we 

apply THz TDS as a non-destructive, contact-free tool for the identification of the glass 

transition temperature of polymers. 

The glass transition of polymers is still an active field of discussion. While 

thermodynamic phase changes always exhibit an equilibrium behavior, the glass transition 

consists of temperature- and time-dependent relaxations [18]. However, the shape of the steps 

found in calorimetric curves at the glass transition resembles those of a thermodynamic 

second-order transition. At the corresponding temperature, discontinuities in the material 

parameters occur. In amorphous polymers, the long, coiled, entangled macromolecules 

behave energy-elastic below and entropy-elastic above the glass transition temperature Tg. 

This phenomenom can be explained by the co-operative chain motions of small backbone 

segments inside the macromolecule which are frozen below Tg. 

An alternate definition of Tg is the concept of the free volume [19]. The free volume is 

defined as the temperature-dependent space in a polymer sample that is not occupied by the 

chains due to imperfect packing inside the amorphous domains. As the free volume decreases 

with falling temperature, there is a critical point at which the remaining space no longer 

suffices for segmental motions along the polymer chains. The corresponding temperature is 

referred to as Tg and mainly depends on the chain flexibility, the molecular structure, the 

molar mass, branching, crosslinking, and the thermal history. 

In case of a semi-crystalline polymer like poly(oxymethylene) (POM), only the so-called 

mobile fraction of the amorphous domains exhibits a glass transition [20]. The crystalline 

phase and the rigid fraction of the amorphous domains, which is constrained by adjacent 

crystallites, are not involved in this process. Latter behaves calorimetrically similar to the 

crystalline phase and remains immobile up to the melting point. More details on the phase 

structure of semi-crystalline polymers can be found in the work of Wunderlich et al. [21]. 

Differential scanning calorimetry (DSC) [22] is the prevailing method for the 

determination of Tg. It detects changes in the heat capacity due the increased mobility of the 

chain segments above Tg. Depending on the definition of Tg, different points of the DSC curve 

are employed, such as the onset, the inflection or the end of the calorimetric step. Other 

methods like the dynamic mechanical analysis (DMA) [23] and the dilatometry [22] consider 

variations in the mechanical properties and the volume, respectively. 

The non-destructive, contact-free technique introduced in this paper indirectly exploits the 

concept of the free volume by determining the complex refractive index in the THz range as a 

function of the temperature. As this quantity can be related to the specific volume by the 

Lorentz-Lorenz law [24] or effective medium theories [25], discontinuities in the thermo-

optic coefficient, i.e., the first derivative of the real part of the refractive index n with respect 

to the temperature T, may serve as an indicator for Tg. Plotting n over T reveals two domains, 

which differ in the temperature gradient n T∂ ∂ : the sensitivity to temperature changes is 

significantly lower below Tg. 

The thermo-optic coefficient of polymers has been investigated by several authors in the 

infrared, the visible and the UV. The refractive indices were acquired using ellipsometry [26], 
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prism-coupling schemes (PRS) [24,27], attenuated total reflection spectroscopy (ATR) [28], 

optical time-domain reflectometry (OTDR) [24], and interferometry [14,29,30]. 

All the techniques listed above are non-destructive. Yet, they suffer from limitations in 

determining the refractive index of a sample. When interference fringes from Fourier 

transform infrared spectroscopy are employed, the temperature-dependent thickness has to be 

known. Therefore, this method requires an additional measurement step for determining the 

thickness, which is challenging to realize at low temperatures. ATR and PRS deliver the 

index of refraction as well as the thickness but a contact to the sample is indispensable. 

Furthermore, as with ellipsometry, they are able to characterize the surface well, but only thin 

layers of a material can be investigated. Hence, they cannot provide the bulk glass transition 

temperature since Tg of a polymer film depends on the material thickness under investigation 

[29–31]. With OTDR, the backscattered signal is very weak so that averaging a large number 

of measuring cycles is necessary to achieve an acceptable signal-to-noise ratio. Furthermore, 

all conventional non-destructive techniques are hard to adapt for low-temperature 

measurements, limiting their applicability. 

In this paper, we introduce THz TDS as a non-destructive, contact-free measuring tool for 

the accurate determination of the glass transition temperature of polymers. Exemplary, 

measurements on POM are presented and compared to DSC results. The method is based on 

the extraction of the refractive index n and the thickness information from a single sample 

and reference scan. The investigation of polymer transitions at extremely low temperatures 

becomes possible as THz TDS enables measurements inside a cryostat. Even optically opaque 

and thick samples can be analyzed due to the high transparency of polymers at THz 

frequencies. For polymers with a significant amount of amorphous regions or purely 

amorphous polymers, the THz refractive index and its derivatives with respect to the 

temperature, such as the thermo-quasi-optic coefficient n T∂ ∂ , serve as sensitive indicators 

for the glass transition temperature. 

The remainder of this paper is organized as follows: After an introduction into the 

experimental setup, the method for extracting the material parameters and the thickness 

information from the measured THz pulses is presented. Next, the characteristics of the semi-

crystalline POM and the DSC results are briefly discussed. Finally, the temperature-

dependent dielectric parameters of the sample are investigated to characterize the glass 

transition. 

2. Experimental setup and data analysis 

2.1. THz TDS setup 

The THz TDS setup is depicted in Fig. 1. The output of a Ti:sapphire femtosecond laser with 

a pulse width of 50 fs, a repetition rate of 80 MHz and a center frequency of 795 nm is 

divided into the transmitter and the detector arm using a 70:30 beam splitter (BS). 
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Fig. 1. THz TDS setup with a large-area photoconductor for emission and an electro-optic 

ZnTe crystal for detection. The cryostat containing the sample between two TPX® windows is 

transilluminated by the incident THz pulses, which are guided by off-axis parabolic mirrors. 

In the transmitter arm, the laser beam is guided to a 25 cm motorized delay line (DL) with 

a minimum step width of 0.017 µm, which corresponds to 0.22 fs. Afterwards, the beam is 

focused onto a large-area photoconducting emitter antenna (LAE) [32]. The optically 

generated carriers in such an emitter are accelerated in an externally applied bias field and 

THz radiation is emitted. The THz setup is purged with nitrogen gas to minimize the effect of 

water lines interfering with the results. The THz beam is first collimated and then focused 

again on the sample by off-axis parabolic mirrors (OPM). To access low temperatures, the 

measurements were performed in a cryostat (CS). The sample was mounted onto a 

temperature-controlled cold-finger inside the cryostat with the aid of heat-conducting glue. 

The cold-finger has a hole of 2 mm in diameter for transmission measurements. It is placed 

inside the microscopy cryostat MicrostatHe (Oxford Instruments) with two THz-transparent 

windows made of TPX
®
 (a 4-methylpentene-1-based polyolefin). The cryostat allows for 

measurements at temperatures down to T = 4.2 K using a continuous helium flux and an 

insulation vacuum (ca. 10
−4

 Nm
−2

) with a temperature stability of approximately +/− 0.1 K. 

The symmetric OPM configuration guides the transmitted THz beam to an electro-optic ZnTe 

crystal. In this crystal, the polarization of the incident laser beam is changed proportionally to 

the incoming THz field due to the Pockels effect [33]. A Wollaston Prism (WP) is used to 

split up both linear polarization components which serve as input to a differential photodiode 

circuit (DPC). By the stepwise alteration of the delay line position, the entire THz pulse with 

and without sample in place can be acquired. 

Reference measurements with an empty cryostat were performed at the beginning and at 

the end of the temperature profile scans. At each temperature, a THz pulse transmitted 

through the sample was acquired. The time between each temperature step was thirteen 

minutes. The acquisition of the THz pulse took seven minutes. A representative THz 

reference and sample pulse for POM at T = 200 K are depicted in Fig. 2(a). Compared to the 

reference scan, the sample pulse is delayed and reduced in amplitude due to the higher 

refractive index and the inherent absorption of the polymer, respectively. Besides the main 

pulse, multiple post-echoes are present, arising from reflections at the windows of the cryostat 

and at other quasi-optical elements. No oscillations due to water vapor are superimposed onto 

the time-domain signals since the measurement setup was located inside a nitrogen-gas-filled 

enclosure. The sample pulse contains one additional echo pulse due to the Fabry-Pérot 

reflection from the sample. It is denoted by an arrow since it plays an important role in the 

thickness determination as will be discussed later in this paper. Figure 2(b) shows the 

corresponding Fourier spectra on a logarithmic scale. The superimposed oscillations due to 

the Fabry-Pérot reflections from the setup elements and the sample are clearly visible. The 

peak dynamic range is around 66 dB. 
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Fig. 2. THz pulses (a) and corresponding Fourier spectra (b) of the reference and the sample 

scan for POM at T = 200 K. 

2.2. Data extraction 

THz TDS employs a coherent generation and detection scheme. Therefore, this technique has 

access to both, the phase and the amplitude of the electric field in contrast to far-infrared 

absorption spectroscopy. Thus, THz TDS is capable of extracting the material’s complex 

refractive index without the need for Kramers-Kronig relations [34]. 

The data extraction is based on the following principle: First, a theoretical transfer 

function for the sample under investigation is derived, with the refractive index n, the 

absorption coefficient α, the sample’s thickness L and the number of measured multiple 

reflections M as free parameters. Now, the approximate number of multiple reflections M is 

calculated in a preprocessing step, assuming an initial thickness L0. On this basis, n and α can 

be computed by a numerical optimization, in which the difference of the theoretical transfer 

function and the measured one is minimized. However, n and α are still functions of the 

thickness, which now can be determined, making use of the Fabry-Pérot oscillations of both 

the measured transfer function and the resulting dielectric material parameters. An additional 

Fourier transform is applied to the frequency-domain data. The Fabry-Pérot oscillations 

present on the frequency-domain spectra now appear as discrete peaks. Minimizing the peak 

amplitude by varying the assumed sample thickness yields the real sample thickness and with 

it the precise values for n and α. A detailed description of the procedure is given in [35,36]. 

3. Results and discussion 

A bulk sample of commercially available POM with lateral dimensions of 1 cm x 1 cm and a 

thickness around 920 µm (depending on the temperature) was investigated for this study. On 

the one hand, the relatively small volume ensures a homogeneous temperature distribution 

within the sample. On the other hand, this thickness is sufficient to neglect surface 

phenomena like the decrease of Tg for thin polymer layers [31]. 

Since the glass transition temperature also depends on the thermal history, the 

investigation by DSC includes usually a first heating before determining Tg. However, the 

sample was taken from an injection molded specimen having been produced with a high 

cooling rate and mechanical stress. Therefore, in order to achieve a representative comparison 

between the THz TDS measurements without any further thermal preconditioning and the 

DSC results, no further preheating was applied before the DSC scan. Tg was determined by 

DSC with a Seiko Instruments’ RDC220 using a scanning rate of 10 K/min. Figure 3 shows 

the DSC results of POM. The glass transition is visible in the measurement curve (heat Q 

over temperature T) as a step indicating a higher heat capacity above Tg. 
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Fig. 3. DSC curve of POM with Tg,DSC as the inflection point of the heat step. The inset shows 

the constitutional repeat unit of this polymer. 

The most crucial factor influencing Tg is the chain flexibility. In a polymer such as POM, 

the bond sequences –(CH2–O)– can rotate easily (cf. inset Fig. 3). This flexible backbone 

structure yields a relatively low glass transition temperature. Particularly for semi-crystalline 

polymers, stating a temperature interval in which the glass transition takes place is preferred 

to providing a discrete value for Tg: the glass transition is a continous phenomenom rather 

than a singular event [20,22]. 

The DSC data shown in Fig. 3 reveals the glass transition in a certain temperature region 

in which the heat curve deviates from a linear behavior. The onset and the end temperature of 

this discontinuity are found at Tgo = 193 K and Tge = 205 K, respectively. The inflection 

temperature in between is Tg,DSC = 199 K. The POM under investigation exhibits a high 

degree of crystallinity (approximately 56% to 60%). Thus, only the remaining mobile fraction 

of the amorphous phase contributes to the glass transition and the step in the heat curve is 

only weakly pronounced. 

The THz TDS measurements simultaneously yield the refractive index, the absorption 

coefficient and the thickness of the sample. The frequency-dependent refractive index and 

absorption coefficient alpha for a sweep of temperatures are shown in Fig. 4(a) and (b), 

respectively. An abnormal, temperature-independent dispersion is observed in the refractive 

index, which arises from the polar nature of POM and has also been reported by Nagai et al. 

[37]. The refractive index scales with the specific gravity and thus decreases with increasing 

temperatures. In contrast to that behavior, the absorption coefficient increases towards higher 

temperatures as it is dominated by the mobility of the molecular chains. 

 

Fig. 4. Frequency-dependent refractive index and absorption coefficient of POM at different 

temperatures. 
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Figure 5(a) depicts the refractive index at 1 THz over the temperature for an interval with 

a higher thermal resolution in the glass transition region. The overall index of refraction 

decreases with increasing temperature due to the increasing specific gravity. Apart from this 

generally expected behavior, two domains, one below and one above Tg, are revealed, which 

differ in the quasi-thermo-optic coefficient n T∂ ∂ . In the low temperature domain, the co-

operative chain motions are frozen. At temperatures above Tg, additional free volume 

becomes accessible to the macromolecules of the mobile amorphous fraction allowing 

crankshaft-like rotations of small backbone segments (Fig. 5(b)). This full mobility yields a 

higher thermal expansion coefficient, which is tantamount to a stronger decrease in the 

refractive index with increasing temperature. The intersection of two straight-line segments 

extrapolating the low- and the high-temperature refractive index regime reveals the expected 

glass transition at Tg,THz = 199 K. This value perfectly agrees with Tg,DSC, which we derived 

from Fig. 3, and also with values reported in the literature [20], verifying the reliability of the 

THz TDS approach. 

 

Fig. 5. a) The temperature dependence of the THz refractive index reveals a fractional glass 

transition of POM at Tg,THz = 199 K as the intersection of two linear fits extrapolating the low- 

and the high-temperature regime. For comparison, the glass transition temperature interval, 

obtained from DSC measurements (cf. Figure 3), is denoted by the grey area. The values match 

perfectly. b) Phenomenological visualization of the glass transition. 

4. Conclusion 

We show that terahertz time-domain spectroscopy can serve as a contactless and non-

destructive tool for the monitoring of the glass transition in macromolecules. Freezing of 

segmental motions in the mobile amorphous fraction below Tg due to the lack of free volume 

induces a change in the temperature dependence of the refractive index at terahertz 

frequencies. Semi-crystalline poly(oxymethylene) was investigated both with terahertz 

spectroscopy and by differential scanning calorimetry. An excellent agreement between the 

two techniques is achieved verifying the suitability of the proposed approach. In future, 

terahertz time-domain spectroscopy could also be applied to beta and gamma transitions in 

polymers enhancing the understanding the glassy state. 
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