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A Graphical abstract 

 

 

 

Raman shift of C=O bonds reveals the dynamic processes and molecular structural evolution of cold 

crystallization of amorphous poly(trimethylene terephthalate).  
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Structural Evolution Analysis and Cold-Crystallization Kinetics to 

Spherical Crystal in Poly (trimethylene terephthalate) Film using 

Raman Spectroscopy 

Chenglong Hu,ab  Shaoyun Chen,*a Weihong Zhang,c Fangyan Xie,c  Jian Chen c and Xudong Chen,b 

Dynamic processes and the structural evolution of cold-crystallized poly (trimethylene terephthalate) (PTT) film were 

investigated using Raman spectroscopy. Raman scattering of C=O stretching vibration was related to the molecular chains 

movement and structure evolution in PTT during cold crystallization. In particular, the information about each phase of 

crystallization, including induction, nucleation, nucleus growth, and secondary crystallization, was thoroughly revealed. 

The experimental results indicated that the kinetics parameters measured by the Raman method were in good agreement 

with those obtained by differential scanning calorimetry (DSC) and infrared spectroscopy. The blued-shifted C=O stretching 

vibration resulting from the crystallization process is a popular phenomenon and may therefore have many potential 

applications in a wide range of areas. 

Introduction 

With combined physical properties of nylons and other 

aromatic polyesters providing excellent elastic recovery, poly 

(trimethylene terephthalate) (PTT) is a potential polymer for 

various applications, such as engineering plastics and textile 

fibers.
1, 2

 It has also been shown that PTT can be used in the 

field of optical communications, optical data processing, and 

nonlinear optics because of its high birefringence and 

luminous transmittance.
3
 Although previous studies showed 

that PTT can crystallize, and that the unit cell in PTT contains 

two monomer units forming a 2/1 helix, only one crystal form 

has been identified to date.
4-6

 As in any material, the 

macroscopic properties of a polymer are dependent on its 

molecular structure due to the chemical composition of the 

material and its response to the myriad of processing 

conditions. Recently, cold crystallization of PTT has been given 

considerable attention for its practical use of tailored 

morphology. For example, in crystalline phase, the 

conformations of its m-methylene glycol segment are trans-

gauche-gauche-trans (tggt) for PTT, all-trans for PET, and 

either all-trans or gauche-gauche-trans-gauche-gauche (ggtgg) 

for PBT.7 The degree of crystallinity and development of 

spherulite are closely related to the mechanical strength of 

PTT, and the chain deformation of microscopic PTT crystal 

depends on three methylene units.4 Obviously, the chemical 

composition and molecular conformation play a key role in 

determining the macroscopic behaviour. Therefore, studying 

the structural evolution and crystalline kinetics of PTT is 

important to understand, predict, and design microscopic 

structures and operational performance under various 

processing conditions.  

So far, several methods have been extensively developed 

to investigate cold-crystallization behaviour and the 

morphology of PTT. For example, cold crystallization of PTT has 

been recently studied by an innovative fluorescence 

spectroscopy (FL) method because of the specific fluorescence 

emission of phenylene dimers from adjacent chains of PTT.3, 8 

The three-phase model consisting of crystalline, mobile 

amorphous, and rigid amorphous phases with structural 

formation of PTT at various crystallization conditions was 

illustrated by small angle X-ray scattering (SAXS).9 The 

crystalline behaviour, chain movement, and structure 

evolution of PTT during cold crystallization were revealed by 

resonance light scattering (RLS).10 Also, differential scanning 

calorimetry (DSC),11 dielectric spectroscopy (DS),12 infrared 

spectroscopy (IR) 13 and atomic force microscopy (AFM)14 have 

been used to investigate crystallization of PTT. It is worth 

noting that the methods discussed above have some 

shortcomings where cold-crystallization is concerned. The 

SAXS and DS are not easy to access and the data is difficult to 

handle. The AFM can only observe the microstructure of 

material. DSC is not sensitive enough to measure the 

microscopic vibrations in the molecular skeleton. 
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In this paper, we demonstrate a nondestructive technique 

based on the Raman spectroscopy, by which cold-

crystallization and structural evolution are evaluated in situ 

using conventional laboratory equipment. Raman 

spectroscopy provides information about molecular vibrations, 

which are sensitive to interactions and conformations of the 

molecules.
15 

However, the Raman scattering signal of strong 

fluorescent materials can not obtain by Raman spectroscopy 

because the fluorescence can be excited by laser in match the 

appropriate excitation wavelength. In addition, Raman 

scattering signal of the tested material must be strong at low 

energy excitation by laser due to the telephotolens are used by 

Raman variable temperature testing. PTT is an intrinsic 

fluorescent polymer, and its Raman scattering signal is very 

remarkable excited by 514 nm at telephotolens model. 

Previous studies reported the crystallization and structure of 

PTT fiber or film using Raman spectroscopy.
7, 16, 17

 However, 

processes to gain more detailed information about the 

molecular structure and orientation of glass transition, 

crystallization induction phase, nucleation phase, nucleus 

growth phase, and secondary crystallization phase of 

amorphous PTT have remained a subject of speculation and 

controversy.
18 

Hereinafter, the present work is committed to 

explore the Raman spectroscopy method in determining the 

non-isothermal dynamic process and isothermal cold-

crystallization of amorphous PTT film, and to develop a 

nondestructive and rapid technique for detecting 

crystallization of the polymer.  

Experimental 

PTT pellets were provided by Shell Chemicals Co. The intrinsic 

viscosity is 0.92 dL/g and the melting point is 225 °C. PTT 

pellets were dried for 48 h under vacuum at 80 °C before use. 

A glassy amorphous film (about 15 μm thick) was prepared by 

pressing the pellets under 240 °C for 10 s using Universal Film 

Maker (0016-010E, Thermo, USA), then rapidly quenching the 

film in liquid nitrogen. 

Raman spectrum measurement was performed on a 

Renishaw inVia Laser micro-Raman spectrometer (the 

excitation wavelength was 514 nm). The spectra were typically 

obtained within 5 s of exposure using telephotolens 

measurement. The scanning center of the spectrum was 1616 

cm
-1

. Examination of spectra reproducibility and the samples 

exposed to the laser beam showed that possible damage of 

the PPT film was avoided. Differential scanning calorimetry 

(DSC) measurement was performed on a MDSC 2910 (USA) at 

a heating rate of 5 °C /min in nitrogen. FTIR measurement was 

performed on a Nicolet/Nexus 670 (USA) at a heating rate of 

5 °C /min in air. 

Results and discussion 

Movement of molecular chains and structural evolution of 

amorphous PTT during non-isothermal crystallization 

Figure 1 shows the Raman spectra obtained on the amorphous 
and crystalline PTT films. Differences can be observed through 
the entire spectral range, in accord with the previous available 
Raman data.

7
 The scattering intensity of the bands at 650, 848, 

910, 950 and 1115 cm-1 in crystalline PTT film are remarkably 
increased compared with that of the amorphous PTT film, 
whereas the scattering intensity of the band at 1616 cm-1 (ring 
stretching) obviously decreased, which was caused by 
limitation of ring stretching vibration.19 It is worth noting that 
the band at 1722 cm

-1
, involved in the C=O symmetric 

stretching vibration in amorphous PTT, shifted to 1715 cm-1 

(shown in the inset of Figure 1) due to the strong dipole-dipole 
interaction of the C=O bond during crystallization.7 

 

Figure 1 The Raman spectra of amorphous and crystalline PTT film. 

Figure 2(a) depicts typical Raman scattering curves of PTT 
film obtained at certain temperatures after crystallization. The 
band at 1616 cm

-1
 is used to study crystallization, and its 

intensity changes with temperature. Figure 2(b) further shows 
the temperature dependence of the scattering intensity at 
1616 cm-1 within the temperature range of interest. Different 
stages of macromolecular motions are exhibited by the 
inflection points on the curve, associated with both relaxation 
and crystallization during heating. As shown in Figure 2(b), the 
stage in the temperature region from 38 °C–56 °C is related to 
the relaxation of PTT chains. In general, orientation relaxation 
of global chains and relaxation of local molecular chain 
segments are related to the relaxation of polymeric materials. 
Because of the tremendous difference between the two scales 
of movement, the manners in which the two kinds of 
relaxation follow relaxation regulations are also different. 
Since amorphous PTT can be assumed to be a homogeneous 
phase system, and the molecular chain presents in a random 
coil when PTT chains are frozen by liquid nitrogen quenching 
from the melting state. At low temperature, the random coil of 
PTT chains presents in contractile state, which is compelled by 
the cohesion entanglement between molecules. With 
increasing of temperature the disentanglement of random coil 
from contractile state to extend caused by inter-chain cohesive 
of molecules reducing. The oriented structure of whole 
polymer chain has been motivated, but did not give rise to the 
change of Raman intensity at range 38 °C to 42 °C. 

With the further increasing of the temperature the local 
molecular chain segments of PTT start to relax because of the 
increase of thermal motion energy of the polymer chain. The 
thermal molecular can overcome the barrier of internal 
rotation to lead to the relaxation of local molecular bonds and 
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the conformation of chain segments changed by the internal 
rotation of the single bond. However, the movement of a 
whole chain molecule still cannot occur at certain 
temperatures in this process. As a result, the Raman intensity 
of the bond at 1616 cm-1 decreased sharply at 42 °C–50 °C, 
then slowly increased at 50 °C–56 °C. This was caused by the 
motion of the polymer chain from thermodynamic non-
equilibrium state to the thermodynamic equilibrium state.  

It is well known that PTT is not an amorphous polymer, 
because its chain can rearrange to crystallize during non-
isothermal process and this phenomenon is concerned with 
cohesive entanglements along the chains. It is believed that 
sufficient rearrangement time is a necessary prerequisite to 
form new cohesive entanglements along the chains when 
rapidly quenching PTT from the melt state to a temperature 
below the glass-transition temperature (Tg). As a result, the 
inter-chain cohesive entanglement is frozen below Tg, which is 
a usual topological entanglement. The gauche conformation is 
mainly present in amorphous PTT.20, 21 In addition, previous 
studies found that formation of microphase separation by 
spinodal decomposition was caused by orientation fluctuations 
of rigid segments prior to crystal nucleation.

22, 23
 Accordingly, 

crystallization of PPT film starts when the temperature is up to 
56 °C, and the temperature region from 56 °C to 60 °C 
corresponds to the induction phase during crystallization (I) 
(Figure 2(b)) due to the parallel arrangement of chains 
dominating the molecular chain motion and structure.

23
 

As temperature rises further, the molecular chain 
entanglement cohesion plays a leading role, and a kind of 
binary or multiple inter-chain cohesion with local parallel 
alignment of the neighboring chain segments is formed by the 
van der Waals’ force. Note that the trans conformation related 
to extensive molecular chains presents in both the crystalline 
and the amorphous regions, while gauche conformation 
corresponding to curling molecular chains only presents in the 
amorphous region. When being treated at temperatures above 
Tg, both disentanglement of inter-chain cohesive 
entanglements and parallel arrangement of local chain 
segments take place, which accelerates the conformation of 
the molecule chain from gauche to convert trans conformers. 
It is interesting that the trans conformers are in favor of binary 
or multiple inter-chain cohesion formation. Then, the amount 
and size of the parallel-arranged structures increase until a 
critical size is reached. Thus the nuclei form and crystallization 
starts (N, 60 °C–62 °C). The recombinant arrangement of 
polymer chains leads to Raman intensity deceasing during the 
crystallization process.  

After the nucleation process, the Raman intensity 
increases rapidly with an increase in temperature because of 
extremely fast growth of the crystal. This enhanced scattering 
intensity probably results from a greater volume of the crystal 
region present in PTT film at elevated temperature. The 
temperature region from 56 °C–60 °C is known as the nucleus 
growth phase (NG, 62 °C–70 °C). Both the nucleation phase 
and the nucleus growth phase are called primary crystallization 
(Cp).  

The volume of the crystal region gradually reaches the 
maximum as the temperature increases to 70 °C. This inflexion 
point can be regarded as a critical temperature, in that 
impingement of spherical stacks may locally occur during the 
primary crystallization. Therefore, the characteristic 

temperature of secondary crystallization is 70 °C, and the 
process above 70 °C is named secondary crystallization (Cs).

24
 

This suggests that the secondary crystals growing in the inter-
spherical stacks in the amorphous phase may act as the 
physical cross-links, which slows down segmental dynamics 
and gives a gentle increase of the volume of spherical 
crystals.10 

 
Figure 2 (a) Typical Raman spectra of an amorphous PTT film at a certain 
temperature. (b) Raman intensity of an amorphous PTT film at 1616 cm-1 
with a function of temperature (the heating rate is 5 °C /min in nitrogen). 

The above results demonstrate that both glass transition 
and cold crystallization of an amorphous PTT film are exactly 
detected by Raman technique, in accord with DSC and infrared 
spectroscopy methods (Figure S1). Moreover, the Raman 
technique is able to offer more detailed information about the 
non-isothermal heating process. A model is proposed to depict 
the entire structural evolvement of PTT chains during the non-
isothermal crystallization (Figure 3), and the movement of 
molecular chain and structural evolution of PTT are monitored 
by the Raman spectrum (Figure 4).  

It can be seen that when the PPT film is being treated at 
temperatures above Tg, both parallel arrangement of local 
chain segments and disentanglement of inter-chain cohesive 
entanglements take place, which makes the scattering 
frequency of C=O invariable in the temperature region from 

56 °C–60 °C (process Ⅰ to Ⅱ, Figure 4 (b)). As temperature 
raises further, the amount and size of the parallel-arranged 
structure increase, which leads to nuclei formation and 

crystallization initialization (N, 60 °C ＜ T＜62 °C). In this 
process, the drastically parallel arrangement of local chain 
segments takes place and inter-chain cohesive entanglement is 
the main motion. Synchronously, the scattering frequency of 
C=O blue-shifted to a low wavenumber because the 
conformation of PTT molecule changes from gauche to trans 

conformers (process Ⅱ to Ⅲ, Figure 4 (b)). When the crystal 
nucleus grows further, the adjacent molecular chains are being 
oriented in parallel with each other to form a large amount of 
sheaflike crystals, which leads that the scattering frequency of 

C=O blue-shifted to a low wavenumber (NG：62°C ＜T＜65 °C, 
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process Ⅲ to Ⅳ) . Those sheaf-like crystals probably act as 

junction points to facilitate aggregate structure growth. This 
process is known as the nucleus growth phase.

3
 When the 

spherical crystallites are formed, based on sheaf-like crystals, 
the physical interaction between polymer chains can be 
neglected, and scattering frequency of C=O is invariable in the 

temperature region from 65 °C to 70 °C (process Ⅳ to Ⅴ). As 
crystallization time is further prolonged, the secondary 
crystallization starts, and the aggregation or propagation of 
spherical crystallites takes place, resulting in the formation of 
gigantic spherical crystal clusters in the temperature region 

from 70 °C–77 °C (see the insert of Figure 4(b), process Ⅴ to 

Ⅵ). In this process, the scattering frequency of C=O is reduced 
by strong dipole-dipole interaction of the C=O bond during 
secondary crystallization.

25,26
 

 
Figure 3 Movement of molecular chains and structure evolution of cold-
crystallized PTT. I: crystallization induction phase, N: nucleation phase, NG: 
nucleus growth phase, Cs: secondary crystallization phase. 

 

Figure 4 (a) The Raman spectra of the C=O stretching vibration for 

amorphous PTT film at 56 °C，60 °C，62 °C，65 °C，70 °C and 77 °C. (b) 

Gaussian fitting analysis of the C=O stretching vibration. 

Isothermal cold crystallization kinetics 

Based on the above discussion, the molecular chain 
motion and microstructure development of PTT amorphous 
film is facilely inspected by Raman spectroscopy under non-
isothermal heating conditions. In fact, the structural evolution 
of chains from a fully amorphous state under isothermal 
conditions can also be detected by time-resolved Raman 
spectrum. The scattering intensity of the band at 1616 cm-1 

(ring stretching) depends on different isothermal 
crystallization temperatures, as shown in Figure S2. It can be 
seen that the crystallization process is related to the scattering 
intensity of band at 1616 cm-1. The scattering intensity 
decreases with increasing of the crystallization, until the whole 
crystalline procedure completed. Therefore, the simplest two-
phase model (amorphous and crystallization phases) is 
assumed in the present Raman scattering system. We can 
describe the Raman scattering of the semi-crystalline state in 
terms of crystallinity fraction, X, and write the total scattering, 
I, by

27
: 

                 
ctat
IXIXI ×+×−= )1(                                  (1) 

where Xt is the crystallinity of PTT film, Ia and Ic are the 
scattering intensities of amorphous and crystallized PTT, 
respectively. It can be assumed that the local conformation of 
amorphous film is unaffected by the crystallization due to the 
absolute isotropic state in the amorphous phase, so its 
scattering intensity can be described as a constant (I0), and the 
relative crystallinity of PTT film during the cold crystallization 
can be defined by:

28
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Here Xt is the relative crystallinity at time t; It and I0 are 
scattering intensities at time t and at the beginning, 
respectively; 

∞
I  is the maximum Raman scattering intensity 

during the crystallization. 

To better understand the structural variation during 
isothermal cold crystallization of amorphous PTT, the relative 
crystallinities dependant on crystallization time at different 
temperatures are drawn in Figure 5(a), produced from the 
Figure S2 and eqn (2). It is known that the common approach 
for describing the isothermal crystallization kinetics is the 
Avrami model:

28
 

tnKX
t

loglog)]1ln(log[ +=−−                     (3) 

where K and n stand for rate constant and the Avrami 
exponent, respectively. K and n depend on nucleation and 
growth mechanisms of spherulites, which can be obtained 
from the linear regression curve of log [–ln(1–Xt)] ~ log t. 
Figure 5(b) shows the Avrami plots of amorphous PTT film 
isothermally cold-crystallized at different temperatures 
measured by the Raman spectroscopy. The kinetic parameters 
are listed in Table 1. 

It can be seen that the Avrami exponents obtained by the 
Raman technique are around 1.05–1.41, suggesting the 
outward growth of sheaf-like stacks prior to impingement due 
to a 2D crystal development during cold-crystallization. With 
the rapid growth of the sheaf-like crystallite, the subsequently 
interconnected networks would be eventually linked into 3D 
networks to from a spherical structure during the secondary 
crystallization.

29
 Moreover, the results are similar to those 

obtained by fluorescence spectroscopy (1.05–2.21), resonance 
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light scattering technique (1.64-1.98)10 and DSC (1.53–2.38).3 
Clearly, the Raman technique is accurately proportional to 
study the structure evolution and crystallization kinetics of PPT 
film. Also, the activation energy is estimated at 242.26 kJ mol

-1
 

based on the Arrhenius equation (k = Aexp(–E/RT)) by the 
Raman technique. The high value of activation energy reveals 
that a plenty of PTT monomer units must be rearranged during 
cold-crystallization. 

 

Figure 5 (a) Dependence of relative crystallinity on crystallization time of cold-
crystallized PTT at different temperatures obtained by the Raman technique. (b) 
Avrami plots of isothermally cold-crystallized PTT measured by the Raman 
technique. 

Table 1 Avrami crystallization kinetics parameters of cold-crystallized 
amorphous PTT determined by the Raman technique. 

T/°C n K/min-n △E/kJmol-1 

68 1.41 1.78×10-3 

242.26 

70 1.35 3.85×10-3 

74 1.12 3.56×10-2 

78 1.05 4.85×10-2 

Conclusions 

In summary, the results obtained by the Raman technique 

method are in good agreement with those obtained by the IR 

and DSC method. As an evaluation of the performance of the 

Raman spectroscopy method, interpretability of the spectral 

changes taking place in the cold-crystallization process of PTT 

is investigated in relation to time-dependent structural 

evolution. This study proves that the Raman spectroscopy 

technique is a suitable tool for investigating the dynamic 

crystallization process of polymers. In particular, it is helpful 

for the studies on the dynamics of energy and electron 

transfer in chromophore arrays. The blued-shifted quality of 

C=O stretching vibration resulting from the crystallization 

process is a popular phenomenon, and it may have many 

potential applications in a wide range of areas. 
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