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Time-resolved FTIR, WAXD/SAXS and DSC have been used to investigate the structural variation of non-isothermally crystal-
lized poly(trimethylene terephthalate) (PTT) during the heating process. The three-phase model: the lamellar phase, the mobile 
amorphous phase (MAP) and the rigid amorphous phase (RAP) between lamellae is suggested to describe the structure of melt- 
crystallized PTT. According to FTIR results, the conformation of RAP in the constrained state is different from that of MAP. The 
increased content of amorphous phase in the temperature range from 120 to 192°C is ascribed to the relaxation of RAP, rather 
than the melting of defective crystals. When the PTT is heated to a temperature above 192°C, the recrystallization/crystal perfec-
tion of original defective lamellae occurs without a pre-melting process, which leads to an increase in lamellar thickness and 
probably connects two adjacent lamellar stacks. This is responsible for an increase in crystallinity as well as a higher major melting 
temperature. 
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Among the family of aromatic polyester, poly(trimethylene 
terephthalate) (PTT) has been attracting much attention 
owing to its excellent resilience [1–3] and processing char-
acteristics in comparison with poly(ethylene terephthalate) 
(PET) and poly(butylene terephthalate) (PBT). Morphology 
and thermal behavior of a crystalline PTT are usually very 
complicated and only one crystal modification with a tri-
clinic unit cell has been identified so far [4,5]. It has been 
reported that the multiple melting behaviors of PTT vary 
with their preparation conditions revealed by differential 
scanning calorimetry (DSC) [6–9]. The multiple melting 
peaks are mainly explained by (i) the melting of crystalline 
entities with different stability and/or (ii) the melting-  
recrystallization-remelting of the imperfect crystals. How-
ever, for the PTT sample prepared by cooling from melt to 
room temperature at a rate of 10°C/min, there is little evi-
dence to support the mechanism of melting of crystalline 

entities with different stability. An ordered exothermal peak 
between the minor endothermic peak and the major melting 
peak has been revealed by Pyda et al. [10] during the heat-
ing process of PTT with high crystallinity. This report 
seems to support the melting-recrystallization-remelting 
mechanism. However, it should be noticed that the structural 
perfection of polymer crystals depends strongly on the 
crystallization process. It is well documented that the struc-
ture of cold crystallized polymer crystals is generally less 
perfect compared to those melt-crystallized at relatively 
higher temperature. Taking this into account, it is easier for 
the melting-recrystallization-remelting to take place than the 
melt-crystallized samples. 

It should be pointed out that a three phase morphological 
model has been proposed, which has also been observed for 
PET [11–15] and PBT [16–19]. The three phase structure of 
PTT is described as crystalline lamella, mobile amorphous 
phase (MAP) between lamellae and rigid amorphous phases 
(RAP) associated with the crystalline-amorphous interface 
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[20–24]. The MDSC results of Pyda et al. [10] suggest, 
however, that there is no or little rigid amorphous PTT 
when it is cooled down from the melt to room temperature 
at a rate of 10°C/min. In order to investigate the structural 
development and the corresponding thermal behavior of 
PTT cooled from the melt to room temperature at a rate of 
10°C/min, techniques includes Fourier transform infrared 
spectroscopy (FTIR) and X-ray scattering and diffraction 
were employed in the present work. 

FTIR is sensitive to both the chain conformation and the 
local molecular environment of polymers and has been ex-
tensively used as a convenient and powerful tool for in situ 
investigating the phase transition [25–28]. For PTT, as-
signments of crystalline and amorphous sensitive bands in 
FTIR have been shown in the literatures [29–31]. The con-
tent of crystalline phase obtained from this method shows a 
good proportion to the crystallinity from the density meas-
urement.  

Small angle X-ray scattering (SAXS) displays the struc-
tural parameters of crystalline and amorphous phase by the 
difference of electron density distribution and follows the 
structural variation during the heating process [32–34]. 
Moreover, wide angle X-ray diffraction (WAXD) is able to 
provide the information of crystalline region such as lattice 
spacing and crystallinity [35,36].  

1  Experimental 

1.1  Samples  

Poly(trimethylene terephthalate) CorterraTM CP509201 pel-
lets synthesized by Shell Chemicals Co. were kindly sup-
plied by Professor J. Sheng of Tianjin University. The in-
trinsic viscosity was 0.91 dL/g measured in 60/40 phenol/ 
tetrachloroethane at 303 K. Prior to experiments, PTT pel-
lets was dried for 10 h under vacuum at 100°C. 

1.2  Measurements 

DSC measurements were carried out with a TA Instrument 
DSC Q2000 which was purged with a nitrogen gas flow of 
50 mL/min. PTT samples weighed (5±0.3) mg were sub-
jected to the DSC measurements. The samples were heated 
to 280°C firstly and kept at this temperature for 5 min to 
remove the thermal history completely. Then, the samples 
were cooled down to room temperature at a rate of 
10°C/min. The obtained samples were subsequently used 
to different measurements. Before measurements, the in-
strument was calibrated according to the requirements for 
different experiments. 

Film samples of PTT prepared for FTIR measurements 
were solution-cast on KBr windows from a 1 wt% 60/40 
(v/v) phenol/tetrachloroethane solution. The films were 
dried under vacuum for 24 h at 60°C to remove the residual 
solvent before thermal treatments. FTIR spectra were   

obtained with a Bruker tensor 27 spectrometer equipped 
with a DTGs detector. The samples were heated from 30 to 
246°C at a heating rate of 2°C/min. FTIR spectra were rec-
orded at 2°C intervals and obtained by averaging 32 scans at 
4 cm1 resolution. Peak heights were used for data analysis 
due to the presence of some heavily overlapped peaks re-
sulted in inconvenient calculation for the precise integrated 
intensity. 

Synchrotron SAXS experiments were performed at 
BL16B1 in Shanghai Synchrotron Radiation Facility (SSRF) 
in China. An INSTEC hot stage (STC200) was used to ful-
fill the heating process during the measurements. The 
SAXS data were collected using a 2D MarCCD165 detector 
and accumulated in time frames of 53 s. The wavelength of 
radiation was 1.54 Å and the distance between sample and 
detector (SDD) was set as 2.935 m. Silver behenate 
(AgC22H43O2) was used as standard material for calibration 
of the scattering vector. The SAXS data were recorded at 
each indicated temperature during the heating process for 
specimens cooled at 10°C/min. The heating rate was 
2°C/min. Those PTT films of 1 mm thickness prepared by 
hot compression of the melt were wrapped with polyimide 
film and then sandwiched between copper sheets with a 
hole for the incident beam. Due to the variation of thickness 
of the samples, the copper sheets were employed. 

The SAXS data were converted to 1D SAXS profiles and 
background subtraction was carried out before the Lo-
rentz-correction was performed. 

The long period was calculated from eqs. (1) and (2): 

 4 sinq    , (1) 

 2 sind n  . (2) 

The scattering invariant Q corresponding to the crystal-
linity is defined as  

 2

0
( ) dQ I q q q



  , (3) 

where I is the scattering intensity and q is the scattering 
vector. For a two-phase system, the invariant Q can also be 
written as 
 2

st c c e(1 )Q V      , (4) 

where V is the irradiated sample volume, st is the volume 
fraction which has been transformed into lamellar stacks, c 
is the crystalline fraction within the stacks, and e

2 is the 
density difference of the crystalline and amorphous regions.  

An X-ray diffraction PHILIPS X’Pert MPD with a hot 
stage was used for the in situ measurement of WAXD. All 
temperature-dependent WAXD data were recorded at each 
indicated temperature in the range of 5°–35°, and the heat-
ing rate was 0.03°C/min.  

2  Results and discussion 

Figure 1 shows the DSC scans of the PTT samples with  
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Figure 1  DSC scans of (a) a melt-quenched PTT sample heated from 
room temperature to 280°C and (b) a PTT sample cooled first from the 
melt to room temperature and then heated from room temperature to 280°C. 
The heating and cooling rates were 10°C/min. The inset in Figure 1(b) is 
the enlarged region of DSC heating scan in the temperature range of 110– 
212°C. 

different thermal histories. It can be seen that the thermal 
behavior of PTT depends strongly on the thermal history of 
the samples. There are clearly an exothermic peak at 72°C 
and an endothermic peak at 227°C during the heating scan 
of the melt-quenched PTT sample (Figure 1(a)), corre-
sponding to the cold crystallization of the sample and the 
melting of the resultant crystals. For the sample cooled from 
melt at a rate of 10°C/min to room temperature (Figure 
1(b)), a sharp and well defined crystallization peak appears 
at 163°C in the DSC cooling scan, indicating the occurrence 
of crystallization. In the heating scan, a tiny exothermic 
peak appears at 201°C. The presence of the exothermic peak 
at 201°C may originate from (i) cold crystallization of PTT 
remained in the amorphous state during cooling; (ii) melting- 
recrystallization and/or crystal perfection of the defective 
crystals formed during cooling. Considering that the melt- 
quenched PTT cold-crystallizes at around 72°C during  
heating, further cold crystallization of the amorphous fraction 
remained in the non-isothermally crystallization process   

at ca. 201°C is very difficult to take place. Also the sharp 
and well defined crystallization peak at 163°C in the DSC 
cooling scan indicates that the crystallization of PTT is es-
sentially finished during the cooling process from melt to 
room temperature. Therefore, the mechanism of recrystalli-
zation/crystal perfection is believed to be responsible for 
presence of the exothermic peak at 201°C. In addition, in 
the enlarged insert of Figure 1(b), an endothermic phenom-
enon between dash lines is observed just prior to the exo-
thermal peak. Pyda et al. [10] explained it by the melting of 
small and defective crystallites base on their MDSC results. 
To further disclose the structural changes between glass 
transition and ultimate melting temperature, the heating 
process of PTT sample obtained by cooling its melt to room 
temperature at 10°C/min is studied in detail here via IR 
technique. 

Figure 2 shows the FTIR spectra evolution of the non- 
isothermally crystallized PTT film at 2°C intervals during 
the heating process. The enlarged spectral regions of 
1750–1690 cm1 and 840–790 cm1 are plotted in the insert 
of Figure 2. To avoid over-saturated intensities of IR bands 
for relatively thicker films prepared by thermo-compression, 
the solution-cast PTT film is prepared in our experiment, 
which enables the suitable intensities of characteristic bands 
in IR spectra for analysis. The IR bands assignment is listed 
in Table 1, according to the refs. [21–23]. From Figure 2, the 
change of FTIR spectra is evident, reflecting the structural 
change of PTT during the heating process. The peak heights 
of characteristic bands as a function of temperature are dis-
played in Figure 3(a) and (b), respectively, which is indica-
tive of intensity changes. Here, four sensitive bands gener-
ated by the vibration of CH2 and C=O groups are adopted. 
The bands at 1358 and 815 cm1 are assigned to the gauche 
CH2 wagging vibration in crystalline phase and the trans CH2 
trans rocking vibration in amorphous phase, respectively. 
These two bands are isolated and convenient for analysis. 
The bands at 1723 and 1711 cm1 are attributed to the C=O 
stretching bend in amorphous phase and crystalline phase, 
respectively. Although the C=O stretching bands are over-
lapped heavily, they are not affected by other bands and the 
intensities are large enough to show the structural change.  

From Figure 3(a), one can see that conspicuous transi-
tions of both bands at 1358 and 815 cm1 are addressed in 
the heating process. First of all, below 200°C, the intensity 
of the 1358 cm1 band decreases linearly with increasing 
temperature due to the reduction in molar absorptivity 
which is usually seen in many polymers. Whereas, the in-
tensity of the amorphous band at 815 cm1 increases rapidly 
above 120°C. Similar change is also observed for the 1723 
cm1 band in amorphous state and the 1711 cm1 band in 
crystalline state, respectively. This phenomenon can be ex-
plained by the following way. During the quick crystalliza-
tion process by cooling the melted PTT at a rate of 
10°C/min, amorphous molecules adjacent to lamellae are 
confined, which is defined to the rigid amorphous phase. It  
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Figure 2  IR spectra of a PTT sample in the region of 1900–650 cm1 during the heating process from 30 to 246°C. The sample was prepared by cooling the 
PTT from 280°C to room temperature at a rate of 10°C/min. The heating rate was 2°C/min. The insets show the enlarged region of 1750–1690 cm1 gener-
ated by the C=O stretching vibration and the region of 842–790 cm1 generated by the trans CH2 trans rocking vibration in amorphous phase, respectively. 

Table 1  Band assignments of PTT film 

Wavenumber (cm1) Assignment 

1723 C=O stretching in amorphous 

1711 C=O stretching in crystalline 

1358 gauche CH2 wagging in crystalline 

937 gauche CH2 rocking in amorphous 

815 trans CH2 rocking in amorphous 

 

has been proposed that the rigid amorphous fraction neither 
contributes to the calorimetrically observed glass transition, 
nor is able to further adjust the conformation to ordered 
structure [21,23,37]. When PTT is heated to 120°C or higher 
again, molecules in the rigid amorphous phase have enough 
energy to overcome the restriction exerted by the adjacent 
crystalline fraction. Its conformation transforms to the same 
as that in the mobile amorphous phase which have relaxed 
above the glass transition temperature. The relaxation of 
RAP only increases the intensities of amorphous bands at 
1723 and 815 cm1 but does not affect the content of crys-
talline fraction corresponding to the intensity of 1711 cm1 
band and 1358 cm1 band. This indicates that molecules in 
RAP neither behave like random coils as that in MAP, nor 
align as that in ordered crystalline phase. Actually, the 
above mentioned structural change is also clearly revealed 
in the enlarged DSC curve plotted in the insert of Figure 
1(b). One can see a very small and broad endothermic slope 
in this temperature range marked by the dash lines. It reveals 
that the relaxation of RAP accompanies an endothermic  

 

Figure 3  Peak heights of (a) the crystalline band at 1358 cm1 and the 
amorphous band at 815 cm1, (b) the crystalline band at 1711 cm1 and the 
amorphous band at 1723 cm1 as a function of temperature during the 
heating process of a PTT sample prepared by cooling from melt to room 
temperature at a rate of 10°C/min. 

effect. Therefore, the structure of rigid amorphous phase is 
different from that of MAP. Even though the motion of 
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molecules is prevented by neighboring lamellae and the 
arrangement is far from the ordered structure, the confor-
mation of –CH2–CH2–CH2– segment has deviated from 
trans conformation and the relative position between aro-
matic ring and C=O group has also differed from that in the 
mobile amorphous phase. These disordered and restricted 
molecules will overcome the restriction and improve the 
structure if the relatively lower thermal energy is supplied. 
This explanation differs from the proposal of the pre-melt-     
ing of imperfect crystals by Pyda et al. [10], which may 
origin from the employed different techniques and molecu-
lar weight of PTT.  

With further increase of temperature, the intensities of all 
bands in Figure 3(a) and (b) change abruptly. The intensities 
of 1358 cm1 band and 1711 cm1 band increase evidently, 
and those of 815 cm1 band and 1723 cm1 band decrease 
accordingly from 200 to 211°C. This implies an increment 
in crystallinity of PTT, which is in agreement with the ap-
pearance of an exothermal peak in this temperature range in 
DSC results. The discrepancy in transition temperature be-
tween FTIR (200°C) and DSC (193°C) results may be due 
to the different working principles. The exothermal ordering 
peak in DSC may be related to a solid-solid phase transition 
of crystal such as that happened for the PLLA [25]. This is, 
however, not the case for PTT. Our WAXD experiment 
identifies that only one crystal modification is shown during 
the whole heating process (Figure 4). So the increasing 
crystallinity in this region is ascribed to the increment of 
ordered structure with the same crystal lattice. Above 211°C, 
the intensities of crystalline bands decrease dramatically 
accompanied by a rapid intensities increase of the amor-
phous bands, indicating the melting behavior of PTT crys-
tals. It is consistent with the appearance of a well defined 
endothermic peak in the DSC heating scan. In summary, 
from 120 to 200°C, the increasing content of amorphous 
phase is not at the cost of melting of defective crystals or  

 

Figure 4  Temperature-dependent WAXD profiles during the heating 
process of PTT sample cooled from the melt to room temperature. 

less ordered structure. This is because there is no deviation 
for the intensities of crystalline bands. It is only due to the 
relaxation of the rigid amorphous phase. And then, the in-
crease in crystallinity from 200 to 211°C is usually at-
tributed to the recrystallization/crystal perfection behavior. 
The DSC and SAXS analysis about this process are shown 
in the following section. 

It is widely recognized that the heating rate of DSC scan 
can affect the thermal behavior of a polymer. Figure 5 
shows the DSC heating curves with different rates from 2 to 
50°C/min for the PTT samples cooled from melt to room 
temperature. With increasing heating rate, the melting peak 
Tm shifts from 229 to 224°C, as marked by the dash line. 
This phenomenon indicates that recrystallization/crystal 
perfection takes place in the exothermal ordering region 
before the ultimate melting peak. During the cooling pro-
cess with a rate of 10°C/min, some defective crystals or 
less ordered structure formed. They will be improved in the 
subsequent heating process. More perfect crystalline struc-
ture and a larger number of crystals can form during slower 
heating process, which is due to the fact that molecular 
chains have longer time to assemble into more ordered 
structures. Therefore, the resultant perfect crystals exhibit a 
higher Tm. However, the recrystallization temperature (Trc) 
is not influenced by the heating rate. Generally, at lower 
rates the polymer chains have more time to change confor-
mation and organize into ordered structures, so crystalliza-
tion will occur at lower temperatures. In the present work, 
the unusual phenomenon about the recrystallization temper-
ature is still unclear and it will be further investigated in 
other works. 

Temperature-dependent SAXS profiles of the non-iso-      
thermally crystallized PTT sample were recorded during the 
heating process. The Lorentz-corrected SAXS patterns are 
shown in three temperature regions in order to ascertain the 
scattering peak clearly, see Figure 6. In the temperature  

 

Figure 5  DSC curves during the heating process of PTT cooled from the 
melt to room temperature, with various heating rates, i.e., 2, 10 and 
50°C/min, respectively. 
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Figure 6  Temperature-dependent SAXS profiles after Lorentz-correction 
of PTT sample cooled from the melt to room temperature, recorded during 
the heating process at a rate of 2°C/min (a) 132 to 186°C; (b) 192 to 
212°C ; (c) 214 to 234°C.  

range of 132–186°C, as shown in Figure 6(a), the scattering 
peak shifts to a smaller q gradually and a slight intensity 
change is also recognized. When the sample is heated above 
192°C but below 212°C, see Figure 6(b), the scattering in-
tensity increases dramatically, indicating an increase in 
crystallinity of PTT. Moreover, with increasing the temper-
ature, more symmetric first-order peak with smaller half width 
is observed in the SAXS profiles. Additionally, a second-order 
scattering peak becomes more discernible, situated at q val-
ue of 1:2 relative to the first-order scattering maximum. 
These new features of SAXS profiles demonstrate that nar-
rower distribution of lamellar thickness and more ordered 

lamellar structure are presented. When the sample was 
heated above 214°C, profiles become broader and broader, 
and then the Bragg peak disappears at 234°C. The slight 
difference in transition temperature with those obtained 
from other measurements is due to the different principles 
of various techniques. 

From the Lorentz-corrected SAXS profiles, changes in 
the long period L and the scattering invariant Q during the 
heating process can be obtained and shown in Figure 7. 
From Figure 7(b), one can see that, below 160°C, the invar-
iant Q is linear with temperature. From 160 to 192°C, the 
scattering invariant Q increases, however, in a slower way 
as compared with that below 160°C. But the long period 
increases with a constant slope from 132 to 192°C in Figure 
7(a). With further increase of temperature, in region from 
192 to 214°C, an abrupt increase in scattering invariant Q is 
observed, and the long period also increases in a bit quicker 
trend than before. Then an abrupt decrease of scattering 
invariant Q and an increase of long period are seen when 
the temperature is over 214°C. These changes in the long 
period and the scattering invariant Q together with SAXS 
profiles well conform and complement the FTIR results.  

First of all, the deflection of Q from 160 to 192°C should 
results from the relaxation of the rigid amorphous phase as  

 

Figure 7  Evolution of the long period (L) (a) and the scattering invariant 
Q (b) of PTT sample cooled from the melt to room temperature during the 
heating process.  
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described in IR section. As mentioned in the experimental 
section, the scattering invariant Q is positively proportional 
to the irradiated sample volume V, the volume fraction st, 
the production of c and (1c) and the density difference 
of the crystalline and amorphous regions e

2. The in-
creased Q is mainly considered as the contribution of in-
creased e

2 when no other transition occurs except for the 
thermal expansion during the heating process. This is rea-
sonable since the delatation of amorphous phase is larger 
than that of crystalline phase, which leads to a greater e

2 
when the sample is heated. The relaxation of molecules 
from rigid amorphous phase to mobile amorphous state, 
suggested by IR and DSC results above, first results in an 
increase of the mobile amorphous content and meanwhile 
an even larger expansion of the enlarged amorphous phase 
with temperature. All these lead to a further increase of the 
long period, which corresponds to a decrease in c when the 
lamellar thickening is neglected. As a result, the increase of 
invariant Q has been slowed. However, based on IR results, 
the amorphous content has already begun to increase from 
120°C. This indicates FTIR shows a higher sensitivity in 
detecting the conformation of molecules than SAXS. 
Moreover, it is suggested that the rigid amorphous phase of 
PTT forms not only in the crystallization process but also 
during the subsequent cooling process. So during the re-
heating, the relaxation of RAP appears earlier than the for-
mer crystallization temperature.  

Above 192°C, the scattering invariant Q increases ab-
ruptly. An increment about 32% over an interval of 22°C far 
exceeds the contribution by increased e

2 owing to the 
thermal expansion. Therefore, an increment in crystalline 
fraction, i.e., the occurrence of further crystallization is 
demonstrated in this temperature region. This is in good 
agreement with DSC and FTIR results. It may experience a 
secondary crystallization with new lamellae inserting be-
tween the pre-extent lamellae or a recrystallization/crystal 
perfection of the defective crystals formed during the cool-
ing process. In the present case, it is impossible for the first 
behavior since it will result in a decrease in long period. 
Figure 7(a) shows an increasing in long period in this tem-
perature region. Therefore, it is reasonable that the in-
creased crystallinity is due to the further improvement on 
the original small and thin lamellae. According to FTIR 
results, there is no intensity decrease of the crystalline bands 
in this region, so the recrystallization/crystal perfection di-
rectly follows the pre-extent lamellae other than partial 
melting first. Because the recrystallization temperature is 
higher than the former crystallization temperature, this tran-
sition leads to an increase in lamellar thickness, i.e., an in-
creased φc. And the volume fraction st will increase simul-
taneously if the perfected lamellae are located between two 
original stacks and bring about a new continuous lamella/ 
amorphous structure. Consequently, the scattering invariant 
Q value enhances abruptly as a result of the recrystalliza-
tion/crystal perfection. When temperature is over 214°C, 

major sequential melting leads to an abrupt increase in the 
long period L and a decrease in the scattering invariant Q 
displayed in Figure 7.  

3  Conclusions 

In summary, the structural evolution of crystalline PTT 
formed during cooling from the melt to room temperature at 
a rate of 10°C/min has been studied in detail by the com-
bination of DSC, FTIR and WAXD/SAXS experiments in 
the subsequent heating process.  

(1) During the heating process, a gradual increment in 
intensities of amorphous bands is observed from 120 to 
200°C based on FTIR results. It is illustrated that the ele-
vated content of amorphous phase in this temperature range 
is not at the expense of crystalline quantity because there is 
no change in intensities of crystalline bands below 200°C. 
The extra amorphous content is obtained through the relax-
ation of rigid amorphous phase. The molecular confor-
mation differs from that in the mobile amorphous phase. 
This relaxation behavior is accordant with the small endo-
thermic peak in the enlarged DSC curve.  

(2) DSC and FTIR results disclose that the crystallinity 
increases dramatically during the following temperature 
region from 192 to 214°C. SAXS data identify that the in-
creased crystallinity is ascribed to the recrystallization/ 
crystal perfection process of original defective lamellae, 
rather than the insertion of thinner lamellae between pre- 
existent lamellae. 
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