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Abstract
In this paper, the application of a temperature modulation to the temperature-resolved FTIR analysis is reported. The advan-
tage offered by the spectroscopic investigation, able to follow the micro-structural and conformational sample modification 
involved in sample thermal transformation, was merged to that of temperature modulation, related to the possibility to separate 
the reversing (in-equilibrium within the experimental condition) to the non-reversing (non-equilibrium) processes. The poten-
tiality of the technique (modulated temperature FTIR, MTFTIR) is highlighted through the study of the thermal transitions 
of amorphous poly(ethylene terephthalate) from 50 °C to the cold-crystallization. After the presentation of the theoretical 
framework and the experimental conditions, a step-by-step description of acquired data elaboration is given. The total vari-
ation of a selected band intensity as function of mean temperature as well as its reversing and non-reversing components are 
obtained. The evolution of the bands at 1340 and 971 cm−1, assigned to the trans conformation of the ethylenic unit and to 
the all-trans conformation of the repeating unit, respectively, are investigated. As expected, the glass transition is observed 
in the reversing components meanwhile the recovery of the glass relaxation and cold crystallization in non-reversing ones. 
Particularly interesting resulted the behaviour of the sample in the supercooled liquid state, between the glass transition and 
the cold-crystallization onset, in which the results show that the ethylenic conformers are in-equilibrium while the all-trans 
sequences are not. MTFTIR is confirmed to be a technique particularly suitable for the characterization of non-equilibrium 
conformational states of polymers.

Keywords MTFTIR · Modulated temperature · Poly(ethylene terephthalate) · Conformational rearrangement · Non-
equilibrium transition · Liquid relaxation

Introduction

Thermal analysis is considered one of the main issues 
in materials characterization, both from the applicative 
and fundamental research point of view [1]. A compre-
hensive definition of material properties, investigated 
under different aspects, can be pursued and achieved suc-
cessfully by combining different techniques, methods 

and experimental conditions [2]. In particular, the com-
plex thermal transformations of polymers as well as the 
elaboration of complex interpretative models, to predict 
material properties, have been obtained [3]. In this con-
test, the differential scanning calorimetry is one of the 
most used analysis. An improvement of the technique 
was achieved in 1993 when the Modulated Temperature 
Differential Scanning Calorimetry (MTDSC) has been 
developed [4] by adding a periodic temperature pertur-
bation of specified amplitude and frequency (commonly 
a sinusoidal function) to the conventional linear heating 
or cooling ramp. MTDSC offers the great advantage to 
identify and separate the reversing temperature-dependent 
heat response, that is reversed by temperature oscillation, 
from the non-reversing kinetic processes involved in mate-
rial thermal transitions [4–19]. The study of several amor-
phous and semi-crystalline polymeric systems, including 
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the most widespread poly(ethylene terephthalate) [8–10], 
poly(ethylene) [11, 12], isotactic poly(propylene) [10, 13, 
14], poly(l-lactide) [15], has led to a deeper understanding 
of thermodynamics and kinetics phenomena involved in 
polymer vitrification [9, 16, 17], crystallization [10, 18] 
and melting [8, 9, 11–15] as well as of the role of rigid 
amorphous fraction on the thermal behaviour [19] of high 
molecular weight compounds.

Later on, a further implementation has been reached 
by the introduction of the Fast-Scan DSC (FSDSC) which 
allows the use of scan rates much higher than that of the 
conventional DSC or MTDSC [20]. This opened the pos-
sibility to investigate material thermal properties otherwise 
not accessible, including analyses of metastable states, time-
dependent transformation or transitions involving low heat 
flux [21]. Moreover, other types of temperature perturba-
tions, such as that used in step response method, allowed to 
measure the periodic heat response of the system not only 
at the base frequency of oscillation, but also at the higher 
harmonics [22, 23]. In this way, the FSDSC has extended 
the temperature modulation frequency from  10−3 to  10−1 Hz 
of conventional MTDSC, to  10−1–102 Hz. The interpreta-
tive advantages of the experiments based on temperature 
modulation have been successfully exploited also for other 
investigation techniques, such as thermomechanical analysis 
[24], ellipsometry [25], dynamic mechanical analysis [26], 
thermogravimetry [27], small- and wide-angle X-ray scatter-
ing [28, 29], optical microscopy [30] and refractometry [31]. 
However, unlike calorimetric, mechanical and optical tech-
niques, which follow only one signal output, namely heat 
flow, storage and loss modulus, sample dimension or mass, 
refractive index (mass density) or transmitted light intensity, 
the thermal analysis carried out by spectroscopic and dif-
fractometric techniques such as temperature–time resolved 
X-ray diffraction and FTIR allows to obtain a multi-signal 
investigation. The infrared spectroscopy, in fact, being sensi-
tive to the changes of inter- or intra-molecular interactions, 
conformation or structure, allows to characterize materials 
at a molecular level during sample thermal transformations. 
Therefore, by following intensity variations of different 
absorption bands as a function of time or temperature, tran-
sition details, such as secondary crystallizations involving 
low heat fluxes [32], mesophase formation and melting [33], 
conformer concentration variation [34], polymorphic tran-
sitions [35] and other features not easily or not detectable 
by conventional thermal analyses, can be studied. Modu-
lated stimuli were applied also to infrared spectroscopy by 
changing periodically temperature, pH, or concentration 
around a constant value [36]. For example, the temperature-
modulated excitation infrared (T-MEIR) spectroscopy was 
used to investigate conformational and structural changes 
of poly(l-lysine) by an accurate separation of overlapped 
absorption bands [37].

In recent years, the study of non-equilibrium properties 
of polymers has become a fundamental issue in relation to 
those processing protocols that do not allow the liquid state 
of polymers to reach the equilibrium. In this framework, 
investigations on non-equilibrium molecular conformations 
is an important issue to relate macromolecular microscopic 
aspects to macroscopic properties of polymer products (e.g. 
mechanical strength, viscosity, thermal expansion) [38]. 
As a result of this demand, an implementation of variable 
temperature FTIR spectroscopy, obtained by the superim-
posing to the conventional linear heating ramp a tempera-
ture modulation (modulated temperature FTIR, MTFTIR 
[39, 40]), was designed. While the sample was subject to 
the temperature program, a series of spectra were acquired 
sequentially and the intensities of selected absorption bands 
measured as function of time and temperature. By process-
ing the oscillating temperature and intensity by an algorithm 
based on Sliding Fast Fourier Transform (SFFT), the total 
(mean) intensity variations as well as its reversing and non-
reversing components as a function of the mean tempera-
ture were obtained for each analysed band. The reversing 
intensity is related to the sample transformation, such as 
conformational equilibria, that can be reversed within the 
employed temperature modulation amplitude and period, 
while the non-reversing component, to the spontaneous pro-
cesses that cannot be reversed during one cycle of modu-
lation (e.g. conformational or structural relaxations, phase 
transitions).

Poly(ethylene terephthalate) (PET) is the material chosen 
for this study because it has been largely investigated as a 
standard polymer for modulated temperature protocols [8–10, 
19] thanks to the possibility to obtain samples in amorphous 
state easily and, so, to follow the main transitions in the range 
of 25–300 °C, suitable for most thermal analysis techniques. 
Moreover, the comprehensive study of macro- and microscopi-
cal properties of PET involved in thermal transitions have been 
extensively studied by different thermal analyses [34, 41–47]. 
Infrared spectroscopy is a suitable technique able to study the 
complex conformational and structural behaviour of PET [34, 
41, 42], characterized by a backbone that allow many rota-
tional degrees of freedom. In fact, the mid-infrared spectrum 
of PET is characterized by several absorption bands related 
to the possible conformations the macromolecules can adopt 
through the internal rotation about three bonds of the repeating 
unit [48]. The  CH2-CH2 ethylenic bond of the ethylene glycol 
moiety and the O–CH2 glycolic bond can be found in trans and 
gauche conformations (T or G and t or g, respectively), while 
the terephthalic unit can adopt two energetically equivalent 
isomeric state, cis  (CB) and trans  (TB), by rotation about the 
O=C–Caryl bond [48–51]. Actually, other studies inferred that 
the unit can be found also in non-planar arrangement due to the 
little energetic barrier between the two forms [52, 53]. In the 
crystalline state the PET chains assumed an all-trans structure 
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 (TtTB) [54], meanwhile in the amorphous state the gauche 
ethylenic (G) and glycolic trans (t) conformers are energeti-
cally favourite [48, 49].

The MTFTIR experiment was performed on quenched 
amorphous poly(ethylene terephthalate), heated by the oscil-
lating temperature program in the glass transition and cold-
crystallization temperature range. The conformational changes 
involved in sample thermal transformation has been detected 
by following the intensity variations of two selected absorption 
bands. In particular, the study was focused on the analysis of 
the bands centred at 1340 cm−1, assigned to the trans isomer 
of the glycolic unit (T) [34, 49–51], and at 971 cm−1, due to 
the all-trans sequence  (TtTB) of the PET repeating unit [42, 
49–51].

The paper is structured in four parts. In the first, a brief 
theoretical background about the effect of the temperature 
modulation on the infrared spectroscopic signals was given. 
Then, in the Experimental section, the employed temperature 
program, the spectra acquisition conditions and the modulated 
data elaboration were reported. In a subsection of the Results, 
the intensity variation of the band at 1340 cm−1 was used to 
show step-by-step the results of the data elaboration. Finally, 
the comparison of the total intensity variation as well as its 
reversing and non-reversing components of the two selected 
bands as a function of the mean temperature was discussed. 
The different MTFTIR behaviour of the the two bands in the 
supercooled liquid region, between the Tg and the cold-crystal-
lization onset, evidenced new features on the conformational 
behavior involved in polymer transformations, otherwise not 
accessible by other conventional thermal analyses.

Theoretical background

In a MTFTIR experiment the sample was subjected to a modu-
lated temperature protocol, T(t) , comprised of a linear heating 
ramp, that defines the mean temperature of the experiment 
TM(t) , with initial temperature T0 and heating rate b , and a 
superimposed temperature oscillation, T̃(t) . By employing a 
sinusoidal temperature modulation with an amplitude AT and 
an angular frequency � , the actual sample temperature ( T  ), 
the mean temperature ( TM ) and the instantaneous heating rate 
( dT∕dt ) as a function of time could be written as

Analogously to the general equation which describe the 
calorimetric response of a system under temperature pertur-
bation [4, 6, 7], the intensity change with time of a generic 

(1)T(t) = TM + T̃ = T0 + bt + AT sin𝜔t

(2)TM(t) = T0 + bt

(3)
dT

dt
= b + AT� cos�t

absorption band can be considered as the sum of a thermo-
dynamic term, dependent only on the temperature of the 
system, and a kinetic term:

where Iν̄ is the overall intensity calculated at the wavenum-
ber �̄� , IR

ν̄
 is the reversing intensity, that is the part of the 

overall intensity that depends only on the temperature of the 
system and f (t, T , x) is a generic kinetic function dependent 
on time, temperature and extent of transition x . By introduc-
ing the modulated temperature protocol (Eq. 1) in Eq. 4 and 
by considering the linear response of the system [6, 7], the 
equation that describe the overall intensity variation with 
time is

where fM
(

t, TM, xM
)

 is the average kinetic function depend-
ing on time, mean temperature and mean extent of transition. 
The first two terms of Eq. 5 are independent from the tem-
perature modulation, meanwhile the third and fourth terms 
are in-phase and out-of-phase respect to the instantaneous 
heating rate, respectively (Eq. 3). It is worth to evidence 
the strict similarity of signal responses between the calori-
metric heat flow and spectroscopic band intensity acquired 
in modulated temperature experiments, in which dI

R
ν̄

dT
 can be 

considered analogous to the temperature dependent heat 
capacity of the system ( C =

dQ

dT
 ) [7].

The overall intensity response Iν̄ as function of time is 
given by the sum of the band intensity at the start of the 
experiment, Iν̄0 , and the intensity variation ΔIν̄ recorded dur-
ing the modulated temperature program. It is obtained by 
integrating the Eq. 5 with respect to time:

The high-order terms, that could appear from the integra-
tion of the last term of Eq. 5 and that depends on the kinetic 
function fM

(

t, TM, xM
)

 , were neglected.
The mean intensity, hereinafter called total intensity 

( ITot
ν̄

(

TM
)

 ), is calculated by averaging Iν̄(t) over one period 
of modulation. By using a change-of-variable from time to 
mean temperature, according to Eq. 2, it reads as

(4)dIν̄

dt
(t, T , x) =

dIR
ν̄

dT

dT

dt
(T) + f (t, T , x)

(5)dIν̄

dt
=

dIR
ν̄

dT
b + fM

(

t, TM, xM
)

+
dIR

ν̄

dT
AT𝜔 cos𝜔t +

𝜕fM

𝜕T
AT sin𝜔t

(6)

Iν̄(t) = Iν̄0 + ΔIν̄(t) = Iν̄0 +

t

∫
0

dIR
ν̄

dT
bdt +

dIR
ν̄

dT
AT sin𝜔t

+

t

∫
0

fM
(

t, TM, xM
)

dt −
AT

𝜔

𝜕fM

𝜕T
cos𝜔t



 V. Di Lisio et al.

1 3

It’s important to note that the total intensity is the same as 
would be obtained by a Variable Temperature FTIR experi-
ment without modulation, with the same linear heating rate 
b of the modulated program. The second term of the middle 
expression of Eq. 7 corresponds to the thermodynamic con-
tribution to the total intensity variation, that is the reversing 
intensity IR

ν̄
 . The third term, instead, represents the kinetic 

contribution and is defined non-reversing intensity INR
ν̄

.
In order to separate the thermodynamic and kinetic con-

tributions from the total intensity described by Eq. 6, the 
deconvolution procedure proposed by Reading [7] and based 
on Fourier Transform was adapted to the MTFTIR analysis.

The third and fifth terms of Eq. 6 represent the modu-
lated intensity response �ΔIν̄(t) to the temperature modulation 
T̃(t) = AT sin𝜔t:

The first sine term contains the thermodynamic response 
of the system in-phase respect to the temperature modula-
tion, meanwhile the second cosine term is the out-of-phase 
kinetic response. The ratio between the modulated inten-
sity response and modulated temperature ( �ΔIν̄∕T̃  ) could 
be expressed as the ratio between the frequency depend-
ent complex intensity I∗

ν̄
 and the complex temperature T∗ 

calculated at the angular frequency of the oscillation � . By 
applying the Fourier Transform, the complex ratio could be 
additionally expressed in terms of intensity and temperature 
modulation amplitudes ( AIν̄

 and AT respectively) as well as 
of the phase lag � between them:

By replacing the real and imaginary part of the Fourier 
Transform with the in-phase and out-of-phase coefficients 
found in Eq. 8, the last expression of Eq. 9 is obtained. 
Hence, by integrating the real part of Eq. 9 with respect 
to the mean temperature, the reversing intensity can be 
expressed as:

Ultimately, the non-reversing intensity INR
ν̄

 could be cal-
culated by subtracting the two terms IR

ν̄
 and Iν̄0 from ITot

ν̄
 , 

(7)

ITot
ν̄

(

TM
)

= Iν̄0 +

TM

∫
T0

dIR
ν̄

dT
dTM +

1

b

TM

∫
T0

fM
(

t, TM, xM
)

dTM

= Iν̄0 + IR
ν̄
+ INR

ν̄

(8)�ΔIν̄(t) =
dIR

ν̄

dT
AT sin𝜔t −

AT

𝜔

𝜕fM

𝜕T
cos𝜔t

(9)

I∗
ν̄

T∗
(𝜔) =

AIν̄

AT

cos𝜑 − i
AIν̄

AT

sin𝜑 =
dIR

ν̄

dT
(𝜔) + i

1

𝜔

𝜕fM

𝜕T
(𝜔)

(10)IR
ν̄

(

𝜔, TM
)

=

TM

∫
T0

AIν̄

AT

cos𝜑 dTM

according to Eq. 7. However, it is worth to mention that 
the elaboration procedure proposed herein leads to some 
interpretative problems of the non-reversing intensity gener-
ated during some transformations i.e. the glass transition, as 
pointed out by Schawe [6]. In fact, the non-reversing inten-
sity is calculated by the difference between two quantities, 
ITot
ν̄

 and IR
ν̄

 , that depend on two different time scales, the 
linear heating rate and the modulation frequency, respec-
tively. For this reason, INR

ν̄
 can be approximated to the kinetic 

response of the system only when relaxation phenomena are 
slower than the time scale of the perturbation (i.e. for non-
isothermal sub-Tg aging processes [39]).

Experimental

Sample preparation

Poly(ethylene terephthalate) (Mv= 18 kg mol−1), potassium 
bromide for IR spectroscopy, trifluoroacetic acid (TFA, 
purity > 95%) and chloroform were purchased from Sigma 
Aldrich. FTIR transmission spectra were recorded on PET 
films, spin-coated on KBr pressed disks. A 2.5% w/v solu-
tion was prepared by dissolving the polymer in a  CHCl3/
TFA 10:1 v/v mixture and casted (50 μL) on the KBr disk 
by a PWM32 spin-coater (Headway Research) at 2000 rpm 
for 120 s. After vacuum drying, the films had a thickness 
of 5 ± 1 μm. In order to achieve the amorphous polymer, 
the films were melted at 280 °C for 3 min and quenched in 
liquid nitrogen. Actually, it has been observed that cooling 
rate higher than about 3 K s−1 are necessary to avoid sample 
crystallization [55]. Then, to check the quenching procedure, 
a sample quenched in liquid nitrogen was also characterized 
by DSC (the DSC curve is reported in Online Resource 1). 
By comparing the experimental specific heat capacity varia-
tion at Tg (ΔCp= 0.390 J g−1 K−1) with that expected from a 
completely amorphous sample (ΔC0

p = 0.405 J g−1 K−1 [56]) 
and the enthalpy of cold crystallization (ΔHcc= − 41.7 J g−1) 
with that of the melting process (ΔHm= 47.6 J g−1), a resid-
ual crystallinity of about 5% could be inferred, a result 
analogous to that reported in literature for PET samples 
quenched in liquid nitrogen [45] and in water–ice bath [50, 
51]. To eliminate any stresses caused by rapid quenching, 
all samples were heated at 82 °C for 5 min, slight above 
the glass transition temperature (Tg ≅ 80 °C). Then, the 
quenched samples were cooled to 50 °C at 2 °C min−1 and 
immediately analysed with the modulated temperature proto-
col. Three repetitions of the MTFTIR experiment were made 
using different quenched PET samples in order to verify the 
reproducibility of the results. Although it has been reported 
that different glass structures could exist, depending on the 
specific cooling rate experienced by each sample [55], it was 



Application of temperature modulation to FTIR spectroscopy: an analysis of equilibrium and…

1 3

observed that all the quenched samples showed the same 
FTIR spectra.

Temperature protocol and measurement

The sample was placed in a SPECAC heating cell suitable 
for transmission FTIR analysis, equipped with a HELLMA 
thermo-programmer. The imposed temperature protocol 
consisted in a 4-segments program comprised of heat-
ing/isotherm/cooling/isotherm steps, repeated from 50 to 
140 °C. In each period, in the first segment the temperature 
was increased by 10 °C in 3 min (heating at 3.33 °C min−1), 
followed by a 1 min isotherm. Then, the temperature was 
decreased by 8 °C in 3 min (cooling at 2.66 °C min−1) and 
kept constant for 1 min. However, the thermal inertia and 
conductivity as well as and heat dispersions of the heat-
ing cell brought about a large temperature lag between the 
sample and the programmed set-point. Hence, the sample 
temperature was measured by a K-thermocouple next to 
the infrared beam in contact with the PET film. Indeed, 
the actual heating rate resulted to be 0.20 °C min−1, slight 
lower to that programmed. Moreover, the thermal inertia 
led to the smoothing of the sample temperature profile, that 
resulted to be well described by a sinusoidal function with an 
amplitude of 2.5 ± 0.2 °C and a 480 ± 5 s period. The com-
parison between the sample temperature, the programmed 
temperature and its sinusoidal fitting were reported in Online 
Resource 1. To validate the accuracy of the sample tempera-
ture and the phase-lag of the modulated response, the melt-
ing of biphenyl (Tm = 71 °C) and benzoic acid (Tm = 122 °C) 
dispersed in KBr were followed by FTIR, using the modu-
lated temperature protocol described above and already used 
in a previous study [39]. A sample temperature accuracy 
of ± 0.5 °C and a zero phase-lag between the temperature 
and spectral response in the absence of phase transitions 
were observed.

Infrared spectra acquisition

Infrared spectra were acquired sequentially during the 
modulated temperature program, using a Nicolet 6700 
FTIR Spectrometer. Spectra were collected as function of 
time and temperature between 4000 and 400 cm−1 with a 
resolution of 4 cm−1 and by co-adding 40 scans per spec-
trum, corresponding to a sampling rate of one spectrum each 
30 s. Hence, 16 spectra were recorded for each period of 
modulation (p = 480 s). At the end of the experiment, the 
acquisition time and temperature were associated to each 
spectrum and the integrated intensities of the bands centered 
at 1340 cm−1 ( I1340 ) and at 971 cm−1 ( I971 ) were measured, 
given a two point linear baseline intersecting the spectrum 
at 1354–1329 cm−1 and 993–947 cm−1, respectively.

MTFTIR data elaboration

The data elaboration comprised of three different steps 
aimed to obtain the total intensity variation ( ITot

ν̄
 ) as a func-

tion of the mean temperature and its reversing ( IR
ν̄

 ) and non-
reversing ( INR

ν̄
 ) components. Firstly, the mean temperature 

T
M (Eq. 2) and the total intensity ITot

ν̄
 (Eq. 7) were calculated 

by averaging T(t) and Iν̄(t) over a limited data window of 
16 values, corresponding exactly to one period of modula-
tion. The so-called sliding average is repeated into the whole 
data range by shifting the averaging data window in order 
to eliminate the oscillating component. Subsequently, the 
oscillating functions of temperature T̃(t) and intensity �ΔIν̄(t) 
were calculated by subtracting the averaged values ITot

ν̄
 and 

TM from Iν̄ and T  , respectively.
The second step of the elaboration procedure provided 

the calculation of the temperature and intensity modulation 
amplitudes ( AIν̄

 , AT ) as well as the phase lag (φ) between 
them by means of the Sliding Fast Fourier Transform 
(SFFT). In this step it is mandatory to employ input signals 
that oscillates about a constant value, otherwise mathemati-
cal artifacts in the output signals was observed. The SFFT 
consists in a sequence of FFT calculated by the same process 
used for the sliding average. The calculation was performed 
on the modulated signals, �ΔIν̄(t) and T̃(t) , over a limited win-
dow of n data sampled in one period of modulation ( n = 16 
in the employed experimental conditions).

where tk is the sampling time which must be equally spaced 
and follows the law tn=16 − t1 = p.

By moving the window into the whole data range, the 
complex intensity I∗

ν̄
(𝜔) and temperature T∗(�) as a function 

of time or mean temperature, were obtained. In the present 
elaboration, only complex values calculated at the base fre-
quency � =

2�

p
 were considered, being the contribute of 

higher harmonics neglectable. Then, the temperature and 
intensity amplitudes as well as the phase lag were obtained 
as the moduli and arguments of the real and imaginary com-
ponents of Eqs. 11 and 12, calculated according Eqs. 13, 14 
and 15:

(11)I∗
ν̄
(𝜔) =

n
∑

k=1

�ΔIν̄
(

tk
)

cos𝜔tk − i

n
∑

k=1

�ΔIν̄
(

tk
)

sin𝜔tk

(12)T∗(𝜔) =

n
∑

k=1

T̃
(

tk
)

cos𝜔tk − i

n
∑

k=1

T̃
(

tk
)

sin𝜔tk

(13)AIν̄
=

√

Re
2
(

I∗
ν̄

)

+ Im
2
(

I∗
ν̄

)

(14)AT =

√

Re
2(T∗) + Im

2(T∗)
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The last step of the elaboration provided the calculation 
of the reversing intensity IR

ν̄

(

TM
)

 by means of the integra-
tion with respect to the mean temperature (Eq. 10) of the 
ratio AIν̄

∕AT , multiplied for the cosine of � . Finally, the non-
reversing intensity INR

ν̄

(

TM
)

 was obtained by subtracting IR
ν̄

 
and Iν̄0 from ITot

ν̄
.

Results and discussion

Sample temperature T(t) , mean temperature TM and modu-
lated temperature T̃  are reported as a function of the acqui-
sition time in Fig. 1. The selected 4-segment temperature 
program, imposed by the controller, brought about an actual 
sinusoidal temperature modulation recorded by the K-ther-
mocouple in contact with the sample, as shown in Online 
Resource 1.

During the modulated heating program, the spectra 
were acquired every 30 s. In Fig. 2, an exemplificative col-
lection of spectra, comprising of 1 spectrum per period, 
was reported as function of the sample temperature in 
two spectral windows, the 1430–1320 cm−1 (Fig. 2a) and 
1070–940 cm−1 ranges (Fig. 2b).

In order to show the sequential steps used for the data 
elaboration, the integrated intensity of the selected band 
at 1340 cm−1 as function of time (Fig. 2a) was chosen as 
an example. This vibration is assigned to the  CH2 wagging 
mode of PET ethylenic group in trans conformation (T) [34, 
49–51]. The overall intensity I1340 as well as the mean ITot

1340
 

and modulated intensity Δ̃I1340 are reported as a function of 

(15)𝜑 = tan−1

(

Im
(

I∗
ν̄

)

Re
(

I∗
ν̄

)

)

− tan−1

(

Im(T∗)

Re(T∗)

)

mean temperature in Fig. 3. The employed raw dataset of 
temperatures and band intensities, as well as modulated and 
mean signals can be found in Online Resource 2.

At a first glance, two main features can be observed. I1340 
and ITot

1340
 show a steep increase between 100 and 110 °C 

due to the polymer cold-crystallization. It occurs, in fact, 
through the growth of all trans conformer sequences to form 
a ribbon-like chain structures which arranges in the crystal 
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lattice [54]. Moreover, at about 80 °C, the negative to posi-
tive slope change of the total intensity variation with time 
highlights the glass transition. In Fig. 3a, the y-axis enlarge-
ment is reported to better evidence the transition.

The modulated intensity component contains the thermo-
dynamics and kinetics information of the sample spectral 
transformations. For the sake of simplicity, the explored 
temperature range in Fig. 3 was divided in four regions 
according to the change of Δ̃I1340 oscillation amplitude. 
Between 50 and 75 °C PET is in glassy state and the modu-
lated intensity shows the lowest amplitude. From about 
80–100 °C (region II), PET is in a supercooled liquid state 
characterized by a slightly higher oscillation amplitude. In 
region III (100–110 °C) the cold-crystallization occurred 
and the largest fluctuation is observed. Finally, above 110 °C 
(region IV), the polymer was in a semi-crystalline state and 
the modulated intensity returned to oscillates with a constant 
amplitude.

A requirement to calculate properly the reversing com-
ponent from the modulated signal is to achieve the linear 
response of the system during the MTFTIR experiment [6]. 
This condition can be checked from the observation of the 
Lissajous plots, in which the oscillating sample response, 
in this case the modulated intensity, is reported as function 
of the modulated temperature. In Fig. 4, the Δ̃I1340 versus T̃  
plots, obtained in the four time zones defined in Fig. 3, are 
displayed. They are related to the glassy state, the liquid 
state, the cold-crystallization process and to the semi-crys-
talline state of the PET sample.

In general, the linear response of the system is achieved 
in absence of ongoing kinetic processes and, therefore, the 
modulated intensity oscillates exclusively in-phase or anti-
phase with respect to the modulated temperature, being null 
the out-of-phase term of Eq. 8. Then, the Lissajous figure 
is expected to have a linear shape in which the cycles are 
superimposed, as observed in the glassy (Fig. 4a), liquid 
(Fig. 4b) and semi-crystalline polymer state (Fig. 4d). In 
these conditions, the linear slope of the cycles corresponds 
to the change of the reversing intensity with respect to tem-
perature dIR

ν̄
∕dT , according to Eq. 9. Differently from modu-

lated calorimetric measurement, in which the heat capacity 
is always positive, dIR

ν̄
∕dT  can assume either positive or 

negative values, depending on the behaviour of the specific 
absorption band and on the physical state of the material. 
As far as the 1340 cm−1 band, dIR

1340
∕dT  is negative in the 

glassy and semi-crystalline state, meanwhile it is positive in 
the supercooled liquid state. During the cold-crystallization, 
the linear response is obviously not preserved and, there-
fore, the Lissajous figures of different cycles do not overlap 
and become elliptic (Fig. 4c). When the system response 
is non-linear, a lack of accuracy of the reversing intensity 
determination occurs, as shown later.

In the next elaboration step, the temperature and intensity 
amplitudes ( AI1340

 , AT ) as well as the phase lag ( � ) were 
obtained from Eq. 13, 14 and 15. The results are reported in 
Fig. 5 as function of time and mean temperature. The com-
plete dataset of elaborated data, comprising of temperature 
and intensity amplitudes, phase lags, as well as total, revers-
ing and non-reversing intensities can be found in Online 
Resource 3.
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As aforementioned, the temperature amplitude remains 
constant around 2.5 °C in the whole temperature range 
(Fig. 5a). As far as the intensity amplitude, it is low and con-
stant in the glassy state (50–75 °C) and, then, increases dur-
ing the glass transition (75–82 °C) up to a constant value in 
the liquid state (82–95 °C). During the cold-crystallization, a 
peak was observed (105 °C). At the end, the semi-crystalline 
PET showed a constant and high intensity amplitude. It is 
interesting to note that the phase lag, calculated in angular 
degrees, ranges from 0° to 180°. The intensity oscillates 
in anti-phase ( � = 180°) respect to the temperature in the 
glassy as well as in the semi-crystalline state, and in-phase 
( � = 0°) in the liquid region. During the cold-crystallization, 
the out-of-phase behaviour (90° phase lag) is observed in 
correspondence of the intensity amplitude peak, as expected 
from the Lissajous figure (Fig. 4c).

According to the Eq. 9, the intensity and temperature 
amplitudes as well as the phase lag were used to calculate 
the real ( AI1340

cos�∕AT ) and imaginary ( AI1340
sin�∕AT ) 

components of the complex ratio between modulated inten-
sity and temperature, reported in Fig. 6a as function of mean 
temperature. Moreover, the reversing intensity is displayed 
in Fig. 6b.

In correspondence to the glass transition of PET at 79 °C, 
the real component exhibits a rapid increase meanwhile a 
small peak can be observed in the imaginary component. 
As shown later in details, it is due to the recovery of the 
relaxation of the polymer glassy state from a non-equilib-
rium condition toward the liquid conformational equilib-
rium [34]. During the cold-crystallization, the real compo-
nent decreases up to reach a constant negative value of the 
semi-crystalline state while the larger part of the oscillation 

amplitude is in the imaginary component (out-of-phase), 
evidenced by the peak centred at about 105 °C. In this 
range, the non-linear effects of the cold-crystallization can 
be clearly observed in the real component by the appearance 
of spikes.

The reversing intensity IR
1340

 , obtained by the integration 
of the real component with respect to the mean temperature 
(Eq. 10), is reported in Fig. 6b. It shows a linear behaviour 
with two slope changes in correspondence to the glass transi-
tions and crystallization. The dynamic glass transition tem-
perature could be calculated precisely at the intersection of 
the extrapolated glass and liquid lines. At 0.2 °C  min−1 heat-
ing rate and at the base frequency of 0.0021 Hz (p = 480 s), 
it is located at 79 °C.

According to the Lambert–Beer law, the reversing inten-
sity variation of the band at 1340 cm−1 with temperature 
( dIR

1340
∕dT  ) depends on three factors, that are the reversing 

change of the optic path length l, of the molar extinction 
coefficient ε (always reversible with temperature), and, more 
importantly, of the reversing trans ethylenic concentration 
( d[�]R∕dT)

where [�] is the overall trans ethylenic conformer concentra-
tion that, analogously to the intensity, can be considered as 
a sum of a reversing [�]R and a non-reversing contribution 
[�]NR . In the whole temperature range, it is assumed that the 
optic path length variation with temperature is negligible 
( dl∕dT = 0).

In the glassy state (60–80  °C), IR
1340

 decreases with 
increasing the mean temperature. In this region, the polymer 
chain mobility is very low and the conformational states are 
almost frozen in the time scale of the applied modulation 
frequency [16]. If d[�]R∕dT = 0 , then the reversing inten-
sity variation is totally due to the change with temperature 
of the extinction coefficient, that generally decreases with 
increasing temperature ( d𝜀∕dT < 0 ). After the glass transi-
tion, the relaxation of polymer chains becomes much faster 
[16, 17], allowing conformational transitions to maintain 
the temperature dependent liquid equilibrium. In the case of 
PET, it was observed that in amorphous state the trans eth-
ylenic conformation (T) possesses a higher energy than that 
of the gauche (G) [48, 49]. Hence, the temperature depend-
ent conformational equilibrium, according to the Boltzmann 
distribution, favours the trans conformer by increasing the 
temperature ( d[�]R∕dT > 0) [34]. The sum of the first two 
terms of the Eq. 16 leads to an increasing reversing intensity 
of the 1340 cm−1 band with temperature in the liquid region 
(Fig. 6b). Finally, after the crystallization ( TM > 110 °C) the 
trans concentration increased drastically because of the for-
mation of all-trans sequences typical of the crystal structure 
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of PET. In this case, the positive first term of the Eq. 16, 
representing the conformational liquid equilibrium of the 
residual amorphous fraction, decreases, meanwhile the 
negative second term increases in absolute value because 
of the huge increase of the overall trans ethylenic concen-
tration [�] . Indeed, the resulting reversing intensity in the 
semi-crystalline region (> 110 °C) shows a steeper negative 
slope than that of the glassy region, in which the overall 
trans concentration is low.

The subtraction of the reversing component to the total 
intensity gives the non-reversing intensity, which contains 
the information of the non-equilibrium processes or/and of 
those transformation that are too slow to be reversed in a 
period of modulation. In Fig. 7, the total intensity as well as 
the reversing and non-reversing components are compared 
as function of mean temperature. The reversing and non-
reversing intensities are arbitrarily shifted for the sake of 
clarity.

The non-reversing intensity variation with temperature 
can be expressed, analogously to the reversing intensity, by 
Eq. 17, representing the non-equilibrium processes, such as 
the conformational relaxations in the amorphous state and 
the formation of the crystalline phase.

Hence, the non-reversing intensity variation with tem-
perature of the 1340 cm−1 band is due exclusively to the non-
equilibrium concentration change with temperature of the 
trans ethylenic conformer ( d[�]NR∕dT  ). Starting from low 
temperature, INR

1340
 remains constant between 50 and 75 °C, 

temperature range in which the glassy state did not undergo 
any appreciable transformation. At higher temperature, 

(17)
dINR

1340

dT
= l�

d[�]NR

dT

the increase of the non-reversing intensity between 75 and 
85 °C, superimposed to the glass transition, is associated to 
the relaxation recovery [34, 57], consisting of the gauche to 
trans transition of a small fraction of ethylenic conformers. 
It occurs because the polymer slowly relaxes in the glassy 
state towards a more stable structure by increasing gauche 
conformer concentration. This relaxation takes place mainly 
during the slow cooling at 2 °C min−1 from 82 to 50 °C, 
before the MTFTIR experiment. As soon as the chains 
acquired enough mobility at Tg, the macromolecular chains 
recovered the liquid equilibrium. In the supercooled liquid 
region (85–95 °C), non-equilibrium relaxations involving 
ethylenic conformers (T, G) are absent, being constant the 
non-reversing intensity. Then, the primary cold-crystalliza-
tion process starts at about 94 °C with a INR

1340
 steep increase, 

up to 110 °C. At higher temperature, the further increase of 
the signal is due to the slow secondary crystallization.

The advantage of temperature or time resolved infrared 
spectroscopy over other thermal analysis was exploited 
by following the intensity changes with temperature of 
other bands, related to different conformers or conformer 
sequences. In particular, the intensity variation of the 
absorption at 971 cm−1 with temperature has been chosen 
(Fig. 2b). This vibration is assigned to the O–CH2 stretch-
ing mode of the ethylene glycol conformer belonging to a 
planar structure [42, 51]. Moreover, it has been found that 
its intensity is directly correlated with the PET crystallinity 
[58] and, then, the absorption can be likely associated to the 
all-trans sequence  (TtTB) of the PET repeating unit. By per-
forming the elaboration procedure previously reported, the 
total, reversing and non-revering intensities for the 971 cm−1 
band were calculated and reported as function of mean tem-
perature in Fig. 8.

As shown in the spectra of Fig. 2, the 971 cm−1 band, 
although weak, was already present in the amorphous PET, 
as observed in other studies [41, 49–51]. The general fea-
tures of the band intensity variation are very similar to that 
of the band at 1340 cm−1, showing the glass transition at 
79 °C, the relaxation recovery between 75 and 85 °C and the 
cold-crystallization onset (Tcc

os) at about 94 °C. On the other 
hand, the non-reversing intensity component ( INR

971
 ) shows 

some differences in the temperature range where the poly-
mer is in the supercooled liquid state, that is between Tg and 
Tcc

os (80–94 °C). In fact, soon after the relaxation recovery, 
INR
971

 continues to increase stepwise with temperature whereas 
INR
1340

 levelled off (Fig. 7). To better appreciate the difference 
between the two behaviours, the non-reversing intensity of 
the analysed bands are displayed together as function of 
mean temperature in Fig. 9. For sake of comparison, their 
respective intensities, very different in the original spec-
tra, were normalized between 0 and 1 at 60 °C and 115 °C, 
respectively.
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Similarly to INR
1340

 , it is possible to observe clearly the 
increase of INR

971
 between 75 and 85 °C, due to the relaxation 

recovery (Fig. 9b). The variation of the normalized intensity 
the two bands in correspondence to the recovery process is 
equal because the gauche to trans transition of the ethylenic 
unit (G → T), observed at 1340 cm−1, leads to the formation 
of  TtTB sequences, absorbing at 971 cm−1.

The further interpretation of the phenomena was carried 
out by referring to the NMR, IR and Raman studies on con-
former distribution in the PET amorphous state reported by 
Stokr et al. [49]. It has been observed that one of the most 
probable conformation assumed by the repeating unit of PET 
in the amorphous phase is the  GtTB. So, the concordance of 
the normalized INR

1340
 and INR

971
 values in the relaxation recovery 

region could be accounted for the transition of a small frac-
tion of  GtTB sequences into  TtTB. The same approach could 
be used to explain the non-reversing intensity increase of the 
971 cm−1 band in the supercooled liquid region (85–94 °C). 
It is caused by the non-reversing formation of a small frac-
tion of  TtTB sequences in the liquid state, probably driven 
by the more energetically favourable crystalline phase. This 
happens while the INR

1340
 remains constant up to the cold-

crystallization onset (Tcc
os = 94 °C), evidencing that the eth-

ylenic  CH2-CH2 bond is not involved in any conformational 
transitions of the polymer in the supercooled liquid state. 
It means that, at least in the used experimental conditions, 
the two possible ethylenic conformers reached the meta-
stable equilibrium after the recovery. Hence, the all-trans 
sequence formation could be caused by the gauche-trans gly-
colic transition (g → t) or by the cis–trans terephthalic transi-
tion  (CB → TB). On the basis of spectral evidences, all those 
repeating units that possessed the trans form of the ethylenic 
unit (T) could be involved in the liquid relaxation. Among 
them, the  TtCB is the most abundant sequence (the others 
having the glycol unit in gauche, such as  TgCB and  TgTB, are 
reported to be less favourable [49–51]) and its non-reversing 
transition could be considered the main route of the liquid 
relaxation. Unfortunately, more direct mechanism interpreta-
tion cannot be done because the intensity variation of other 
bands sensitive to glycolic (g or t) or terephthalic  (CB or  TB) 
conformations is too weak to be monitored in the employed 
experimental conditions. However, besides this, it can be 
inferred that the PET supercooled liquid state is character-
ized by a micro-heterogeneity in that the isolated ethylenic 
conformers are in-equilibrium while the conformational 
state of the entire repeating unit is in non-equilibrium. On 
the other hand, structural organization phenomena of PET 
prior to the cold-crystallization have been already observed 
[45, 47]. Nonetheless, MTFTIR has proved to be a suitable 
technique to observe non-reversing transformation occur-
ring in the PET supercooled liquid, able to give information 
complementary to that acquired with other thermal analy-
sis. Further investigation on this issue are now in progress.

Finally, above 94 °C, the cold-crystallization of PET took 
place, as evidenced by the rapid and simultaneous increase 
of the non-reversing intensities of the two bands (Fig. 9a).
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Conclusions

The thermal behaviour of materials can be studied by dif-
ferent techniques. The time or temperature resolved FTIR 
offers the opportunity to follow material transition at micro-
structural level. As far as polymer, the different local con-
formations or conformation sequences the macromolecules 
can assume give rise to specific bands whose intensity 
changes according to structural evolution. In this paper, the 
implementation of the temperature resolved FTIR analysis, 
obtained by adding to the conventional constant heating or 
cooling rate a temperature modulation, was described. In 
particular, the theoretical background, the experimental set 
up, the step-by-step data elaboration of the data acquired by 
MTFTIR analysis was reported. By using the new investi-
gation method, it has been possible to separate the equilib-
rium and non-equilibrium conformational rearrangements 
of PET in the temperature range of the glass transition and 
cold-crystallization. In order to show the advantages of the 
proposed technique, the data elaboration was performed 
on two different absorption bands of PET, the 1340 cm−1 
and 971 cm−1, related to the trans ethylenic conformation 
(T) and the all-trans sequence  (TtTB) respectively. At the 
glass transition (Tg = 79 °C) a slope change in the reversing 
intensity of both bands was observed as a function of the 
mean temperature. Then, at higher temperatures, the step-
like increase of the non-reversing intensity was attributed 
to the non-equilibrium relaxation recovery given by the 
conformational transition of ethylenic conformers from the 
gauche to the trans form (G → T). In the supercooled liq-
uid region (85–94 °C), a non-reversing transformation was 
observed exclusively for the 971 cm−1 band, suggesting an 
increase of repeating units in all-trans structure, presumably 
triggered by the cis to trans conformational transition of tere-
phthalic units  (CB → TB). The non-reversible transformations 
occurring in the temperature region where the polymer is 
in the supercooled state, clearly identified by the MTFTIR 
analysis, could be the key processes which predispose the 
polymer for the following cold-crystallization at 94 °C. It is 
evidenced by the largest increase of non-reversing intensity 
of both bands, related to the conformational ordering of PET 
chains in all-trans structures. On the basis of the findings 
reported in the present research, the authors believe that a 
detailed investigation of the conformer evolution at T > Tg 
is an intriguing issue which can give further indication on 
polymer rearrangement before the structural ordering.
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