
Thermochimica Acta 707 (2022) 179084

Available online 2 November 2021
0040-6031/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Short communication 

High throughput optimization procedure to characterize 
vitrification kinetics 

Anabella A. Abate 1,a, Daniele Cangialosi *,b, Simone Napolitano a,* 

a Laboratory of Polymer and Soft Matter Dynamics, Experimental Soft Matter and Thermal Physics (EST), Universite Libre de Bruxelles (ULB) Bruxelles 1050 Belgium 
b Centro de Fisica de Materiales (CSIC-UPV/EHU), Paseo Manuel de Lardizabal 5, San Sebastian, 20018, Spain   

A R T I C L E  I N F O   

Keywords: 
FSC 
Glass transition 
Physical aging 

A B S T R A C T   

We present VITRIFAST, a high throughput optimization procedure to characterize the vitrification kinetics based 
on calorimetric measurements. By analyzing the temperature dependence of specific heat capacity, the method 
determines the fictive temperature, Tf , and the enthalpy change during physical aging, ΔH, within only a few 
seconds. We tested VITRIFAST on the low molecular weight glass-former o − terphenyl (OTP) and on an 
archetypal glass forming polymer, polystyrene (PS), by analyzing the outcome of two classical sets of experi-
ments. By means of fast scanning calorimetry (FSC), we characterized the vitrification kinetics in a wide range of 
cooling rates and the isothermal physical aging after vitrification at a given rate. In less than 3 minutes, our 
method could process 18 different calorimetric scans and provided values of Tf and ΔH in excellent agreement 
with those reported in the literature. VITRIFAST can be employed in the analysis of the temperature dependence 
of any type of second order derivative of free energy and represents a tremendous advance in the data analysis of 
calorimetric scans. The method is particularly helpful for fast scanning calorimetry users, considering the 
extremely large number of heat capacity scans recorded by this technique within a few minutes.   

1. Introduction 

Vitrification is a complex phenomenon ubiquitously encountered in 
systems where crystallization is avoided, for instance by fast cooling [1, 
2]. It entails the transformation (glass transition) from the metastable 
supercooled liquid into a glass, whose signature is a kink in first order 
thermodynamic properties (volume, enthalpy, entropy). The 
non-equilibrium nature of a glass underlines the kinetic nature of 
vitrification. As a result, glasses always experience an evolution toward 
an equilibrium thermodynamic state. This equilibration kinetics results 
in a time dependent loss of the excess in first order thermodynamic 
properties, a phenomenon known as structural recovery [3] or physical 
aging [4,5]. 

Characterizing the glass transition and physical aging by calorimetric 
methods, such as differential scanning calorimetry (DSC), is widespread 
in the laboratory practice. This class of techniques delivers the specific 
heat, that is, the first derivative at constant pressure of enthalpy. Since 
the glass transition is underlined by a kink in the temperature depen-
cence of enthalpy, a step in the specific heat is observed in DSC [6]. The 

glass transition temperature, Tg, is conventionally obtained from the 
mid-point of the step or the temperature of maximum inflection of the 
specific heat. Apart from their arbitrary nature, these methods often fail 
to provide satisfactory and physically meaningful values of Tg, especially 
when the glass transition encompasses a broad temperature interval. 
Furthermore, methods based on the analysis of the step in the specific 
heat suffer from the drawback that only a limited range of cool-
ing/heating rates can be explored. At small rates the detection of the step 
in the specific heat might fall beyond the instrumental limit. On the 
opposite extreme, high rates may result in serious non-homogeneous 
thermal lags throughout the sample [7–9], which generally prevents a 
precise characterization of both Tg and width of the glass transition. 

A way to attain a well-defined characterization of vitrification relies 
on the concept of fictive temperature, Tf , long ago introduced by Tool 
[10]. Tf is defined as the intersection of the glass line, drawn from the 
thermodynamic state of a glass with the melt line, see scheme in Fig. 1 
left panel. The so-defined Tf , evaluated on a glass vitrified upon cooling 
and re-heated at the same rate, is within a few Kelvin equal to the Tg 
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taken from the mid-point of the specific heat step [11]. Importantly, Tf 

can be determined over a wide range of cooling rates, provided the 
employment, after cooling, of a fixed heating rate adequate to have a 
measurable heat flow rate and minimizing thermal lag. In such a way, 
combining different calorimetric methods, vitrification kinetics in terms 
of Tf can be characterized over a wide range of cooling rates and 
annealing time scales [8,12–17]. Furthermore, Tf is a reliable parameter 

quantifying the thermodynamic state attained after a given thermal 
protocol, as for example for a glass formed at a given rate and aged at a 
given temperature, Ta, see scheme in Fig. 1 right panel [18,19]. In this 
case, apart from and in connection to Tf , the enthalpy reduction, ΔH, 
taking place during aging can also be quantified. 

Operationally, the determination of the fictive temperature of a glass 
with a given thermodynamic state must account for the fact that calo-
rimetry measures the specific heat, rather than the enthalpy. Hence, the 
so-called Moynihan or the matching-area method is employed to 
determine Tf based on second order thermodynamic properties [20]. 
The method is visually presented in Fig. 2. Tf is determined by identi-
fying the temperature obeying to the following property: the area 
included between the melt and glass specific heat matches the area 
included between the experimental and the glass specific heat. This 
procedure mathematically reads: 
∫ T>>Tg

Tf

(
cpm − cpg

)
dT =

∫ T>>Tg

T<<Tg

(
cp − cpg

)
dT, (1)  

where cpm and cpg are the supercooled melt and glass specific heats, 
respectively. 

For a single measurement the employment of the Moynihan method 
does not present mayor challenges and the only concern regards the 
correct choice of the glass and liquid lines; see Fig. 2. In contrast, it is 
usually necessary to determine the value of Tf in a consistent way for a 
set of specific heat scans, for instance in cooling rate dependent deter-
mination of Tf or in isothermal aging experiments at different times. In 
this case, a precise determination of Tf is challenged by the baseline 
mismatch among different scans. The procedure permitting to realign 
the calorimetric scans is done as schematically depicted in Fig. 3 by 
changing the slope (panel a)) and vertically shifting (panel b)) a given cp 

scan (blue line) to a reference curve cref
p (dashed orange line). This set of 

Fig. 1. Schematic representation of how Tf is defined in experiments where vitrification kinetics as a function of the cooling rate is characterized (left panel) and 
those based on isothermal physical aging below Tg (right panel). 

Fig. 2. Scheme of the Moynihan method employed to obtain Tf from the 
calculation of the areas I and II of the aged curve (blue line). The green and the 
red lines represent the glass and liquid lines, respectively. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 3. Transformations to the aged measurement cAged
p (T): a) change of slopes and b) vertical shift to obtain cNew

p (T) that overlap with cRef
p (T) for temperatures below 

and above the glass transition. 
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operations aims at superposing the glass and melt lines of a given set of 
cp scans to the reference curve. If the superposition is manually per-
formed for each scan, the determination of Tf can be highly tedious and 
time consuming. 

The same line of reasoning applies to the determination of the 
amount of recovered enthalpy in physical aging experiments, see Fig. 1 
right panel. From the connection of the specific heat to the enthalpy, this 
is done integrating the area underlined between the aged curve and the 
reference, that is, the scan corresponding to the as-just quenched glass, 
see Fig. 3 panel c). Hence, the recovered enthalpy is computed as: 

ΔH =

∫ Tmax

Tmin

(
cp(T) − cRef

p (T)
)

dT (2)  

where, Tmin and Tmax are the temperatures including the range where 
enthalpic effect are present. As for Tf , also in this case a well-defined 
characterization of ΔH requires the superposition of all glass and 
liquid lines to those of the reference, that is, the specific heat scan cor-
responding to zero aging time, obtained heating a glass immediately 
after cooling. 

With the aim of expediting the procedure schematized in Fig. 3, in 
this study, we introduce VITRIFAST, a robust method which provides, 
within only a few seconds, the fictive temperature and the recovered 
enthalpy from calorimetric measurements. Our method is highly 

suitable for investigation of the glass transition and physical aging by 
fast scanning calorimetry, an experimental approach capable to measure 
a tremendously large number of heat capacity scans within few minutes. 

2. Methods 

The first step to quantitatively analyze a vitrification kinetics 
experiment (determine the fictive temperature, Tf , and the amount of 
recovered entalpy, ΔH) consists in verifying that the aged and reference 
curves overlap for temperatures below and above the glass transition 
range, as shown in Fig. 1c). As soon as such condition is achieved, we can 
further analyze the calorimetric data by means of the Moynihan method. 
We remark that, while in the following text we will refer to the specific 
heat capacity, the same data processing can be applied to heat flow rate 
scans. The determination of the fictive temperature, in fact, does not 
require knowing the sample mass. 

First, we define the model function that we will use to perform the 
optimization procedure: 

cNew
p (a, b,T) = S(a, T).cAged

p (T) + b (3) 

In this model, cRef
p (T) and cAged

p (T) are the specific heat values as 
measured for the reference and the aged samples. We indicate with 
cNew

p (T) the correction of cAged
p (T) after the execution of our optimization 

procedure. VITRIFAST follows the same strategy commonly used in the 
analysis of calorimetric scans, consisting in the adjustment of two pa-
rameters, a and b. 

Our method permits to significantly reduce the time required to 
obtain those parameters in a reliable way. By introducing the constant b 
quantifying a vertical translation (see Fig. 1 b)), we can compute the 
function S(a,T) that accounts for the change in slope of the aged curve 
(see Fig. 1 a)), as: 

S(a, T) =
A(a).cAged

p (T) − A(a).Tmax + cAged
p (Tmax)

cAged
p (Tmax)

(4)  

where A(a) =
(1− a/cAged

p (Tmin))

ΔT , ΔT = Tfinal − Tinitial, with Tinitial and Tfinal the 
initial and the final temperatures of the experiment, respectively. Tmin 

and Tmax are the temperatures that delimit the temperature ranges to 
superpose aged curves to the reference. Specifically, Tmin (Tmax) is the 
temperature below (above) which the aged scan must overlap with the 
reference scan, that is, where non-reversing effects due to the glass 
transition are not present. 

For the optimization procedure we employ least-squares fitting, 
implemented via Python with SciPy. The latter is an open-source sci-
entific computing library for the Python programming language, and 
least-squares fitting is a well-known statistical technique to estimate 
parameters in mathematical models. It concerns finding the minimum of 
a function, in our case F(a,b,T), defined as: 

F(a, b, T) =
∑N

i=0
ρ(fi(a, b, T))2

, (5)  

where N is the number of available data points in the calorimetric scan 
cp(T), measured from the initial temperature, Tinitial, to the final tem-
perature, Tfinal; ρ is a loss function filtering the data in the temperature 
range where the glass transition occurs (in our case from Tmin to Tmax). 
Finally, fi(a, b,T) is the i − th component of the vector of residuals, 
which here corresponds to the difference between the model prediction 
of the new corrected specific heat, cNew

p (T), and the reference data, 

cRef
p (T), for all the experimental points N = {(Ni)|i = Tinitial,…,Tend}, and 

is defined as: 

fi(a, b, T) = cNew
p (a, b, T) − cRef

p (T) (6) 

Our optimization procedure consists in the minimization of Eqn. 5. 

Fig. 4. Impact of the noise artificially added to the calorimetric scans to the 
values of the fictive temperature Tf (closed symbols) and the recovered 
enthalpy ΔH (open symbols) normalized by its values at zero noise. Two 
limiting cooling rates were considered, pink circles 2000 K/s, cyan triangles 
0.1 K/s. The MSE and the running time are also reported (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article). 
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From a physical viewpoint, this procedure corresponds to minimizing 
the difference between the corrected specific heat, cNew

p (T), and the 
reference, cRef

p (T), for temperatures much below and above the glass 
transition, where non-reversing effects are not present and, therefore, 
those two curves must overlap as shown in Fig. 3 c). 

This optimization has hitherto been tedious and time-consuming, as 
it requires manually changing the values of a and b, often via a hit-and- 
try procedure followed by evaluation, either by eye or via more so-

phisticated analytical methods. VITRIFAST provides an automatized 
solution of the optimization problem of Eqn. 3 using the models of Eqn. 1 
and 2. This procedure requires a very short computation time: only a few 
seconds are necessary to obtain the parameters a and b for each cp scan. 
After obtaining cNew

p (T), the determination of the recovered enthalpy, 
ΔH, is straightforward. Please note that in the latter case it is necessary 
to know the mass of the sample. 

Obtaining the fictive temperature, Tf , via the matching-areas method 

Fig. 5. Comparison of the cooling rate dependence of the fictive temperature obtained in the present work (blue circles) and the temperature dependence of the 
relaxation rate (red triangles), for PS (left panel) and OTP (right panel), taken from refs[12,21]. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 6. Aging time evolution of ΔH (violet diamonds) and of the distance of TTf from the aging temperature (pink triangles) for PS (left panel) and OTP (right panel) 
samples, aged 5 K below Tf (1000 K/s) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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showed in Fig. 2, requires a further step, as this method relies on the 
description of the glass and liquid specific heats. Therefore, we imple-
mented our method in Phyton using the Linear Regression, Numpy and 
Scipy libraries. First, we automatically fit two linear curves for the 
reference curve in the liquid and glassy state, cliquid

p (T) and cglass
p (T) in the 

range T > Tmelt and T < Tglass, respectively, as shown in Fig. 2. Here, Tmelt 

(Tglass) is the temperature above (below) which a linear fit to the melt 
(glass) line can be performed, with no interference of non-reversing 
effects due to the glass transition. Importantly, Tmelt e Tglass generally 
differ from Tmax and Tmin. The former, in fact, generally encompass larger 
temperature ranges than the former, as the melt and glass lines are 
traced on the reference curve where non-reversing effects are mini-
mized. Subsequently, using the Simpsons rule we compute the area 
below the melt and the glass specific heat in a temperature range from 
Tmin (Ton) up to Tmax. Simultaneously, we compute the area between 
cNew

p (T) and cglass
p (T) in the range Tmin to Tmax. Tf is determined as the 

temperature satisfying the equivalence indicated by Eqn. 1. In order to 
numerically solve this expression, we implemented a loop which varies 
Tf from Tmin to Tmax with a (tunable) increment of 0.005 K. 

3. Results 

In order to evaluate the robustness of the method, we tested its 
precision in the case of noisy calorimetric scans, obtained by adding 
white noise to a standard data set obtained via FSC. We define the noise 
ratio as δ: 

δ =
ε

cp,ex
(7)  

where ε is the amplitude of the added random white noise to the specific 
heat curves with an amplitude of approximately ∼ 3σ, and cp,ex =

cliquid
p (Tmax) − cglass

p (Tmin) is the difference of the specific heat in the liquid 
and the glassy state (see Supplementary Information). For this purpose it 
is convenient to calculate the mean of the squares of the residuals, that 
is, the mean squared displacement (MSE), defined as: 

MSE =
1
N

∑N

i=1
(fi(a, b, T))2 (8) 

Fig. 4 shows the evolution of the obtained parameters Tf , ΔH, MSE 
and the execution time after running our method for data with 
increasing noise δ (from 0 to 1). Note that the outputs of the method 
differ with respect to the zero noise in less than 10 % for δ values until 
δ = 0.4. 

To prove the efficiency of the method, we also analyzed heat capacity 
scans of the low molecular weight glassformer o − terphenyl (OTP) and 
polystyrene (PS, Mw = 311,000) obtained by FSC. Two sets of experi-
ments were performed. In the first set (Cooling Rate Dependent Vitrifi-
cation, Fig. 1 left panel), samples were heated at 1000 K/s immediately 
after vitrification at cooling rates (q) between 4000 K/s and 0.1 K/s. This 
is a classical experiment that provides the cooling rate dependence of the 
fictive temperature. Importantly, following the Frenkel-Kobeko-Reiner 
equation (qτ=const) [12], the outcome of these calorimentric experi-
ments (Tf , q) is directly related to relaxation data in isothermal 

Fig. 7. cp,ex(T) of o − terphenyl (OTP) and polystyrene (PS) after running the ML-based code for the two vitrification methods analyzed: Cooling Rate Dependent 
Vitrification, upper panels, and Physical Aging, bottom panels. 
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conditions (T, τ− 1), where τ is the timescale of spontaneous fluctuations. 
We compared the variation of log q vs. 1000/Tf for the obtained 

values of Tf with log fmax vs. 1000/T for measurements done via 
broadband dielectric spectroscopy and AC-calorimetry [12,21]; please 
note that 2πfmaxτ = 1. Fig. 5 shows that the outcome of our analysis is in 
excellent agreement with the relaxation data, verifying the efficiency of 
our method. 

In a second set of experiments (Physical Aging, Fig. 1 right panel), we 
measured the change in the fictive temperature of samples of OTP and 
PS as a function of the aging time in isothermal conditions. In such ex-
periments, the distance from Tf and the aging temperature, Ta saturates 
to a constant value after long aging times. In particular, for PS Tf − Ta 

evolves from 8 to 2 K within 102, while for OTP it goes from 6 to 1 K 
within 104. A correlated trend is observed also for the recovered entalpy 
(ΔH). The long time Tf limit for OTP coincides within 1 K with the aging 
temperature, indicating that, within experimental errors, the super-
cooled liquid line has been reached. Regarding PS, a minor mismatch 
between the long aging time Tf and Ta can be observed. The difference 
between the two materials can be explained considering the thermal lag 
[7,8]. Indeed, the mass of PS employed in our experiments was about 
200 ng, that justifies a 2 K thermal lag [7]; in contrast, the mass of our 
OTP sample was smaller than 100 ng, resulting in an almost zero (1 K) 
thermal lag [7]. Our results for PS in terms of time scale to reach 
equilibrium are generally in accordance with previous physical aging 
results on the same polymer by FSC [22]. As a showcase for PS, a plot of 
the same quantity as in Fig. 6, without the optimization of the glass and 
melt lines prior to the application of the Moynihan method, is given in 
the SI. This shows that without running the optimization protocol the 
aging time evolution of Tf appears highly scattered, thus demonstrating 
that strength of our method in delivering physically sound results. 

Finally, cp,ex(T) defined as cNew
p (T) − cRef

p (T) was analyzed for all sets 
of experiments after the execution of our optimization procedure. Fig. 7 
shows that the baseline after the difference is constant and equal to zero 
for all the cases, indicating the high performance of our method. 

4. Conclusion 

In conclusion, we introduce VITRIFAST, an optimization procedure 
capable to extract parameters like the fictive temperature Tf and the 
recovered enthalpy ΔH from calorimetric scans, in a fast and efficient 
way. The code, made available for all the users, tremendously speeds up 
the analysis of typical vitrification kinetics experiments. Tens of scans 
can be processed within just a few minutes. Finally, we stress that the 
advantages of employing VITRIFAST are not limited to calorimetric 
scans. The method can be promptly applied to the analysis of the tem-
perature dependence of second order derivative of the free energy and to 
any other data set where comparison between two baselines is required, 
as for instance in melting of crystals. 

5. Code availability 

The Phyton code used for the analysis is described in the Supporting 
Information together with some notes on its use. Further information on 
the method, its updates and access to the code are available at https:// 
dynamics.ulb.be/vitrifast 
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