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Online Tracking by Two-Dimensional Correlation 

FTIR Spectroscopy 

Jing Zhao, Jihai Zhang, Tao Zhou,* Xifei Liu, Qiang Yuan, and Aiming Zhang 

Polyacrylonitrile (PAN) copolymer fiber pre-oxidation has an important influence on the final 

properties of carbon fibers. Understanding and tracking the reaction pathways of the pre-

oxidation has a great significance for guarantee the quality of the resulting carbon fibers. In 

this study, the in situ FTIR spectroscopy combining the scaling moving-window two-

dimensional correlation spectroscopy (scaling-MW2D) and 2D correlation analysis were used 

to study the reaction pathways. In addition, DSC and 13C solid-state NMR were used to assist 

the determination and to verify the chemical structure. Scaling-MW2D revealed that the pre-

oxidation consisted of the initial process (A, 69−223 °C) and the main process (B, 223−309 

°C). From the sequential order of 2D correlation analysis, the more detailed pathways were 

obtained. The induced reaction of comonomer units took place in process A (69−223 °C). In 

process B (223−309 °C), the initial cyclic structures were first generated from the induced 

structure formed in process A. Then, these initial cyclic structures underwent a series of the 

oxidation, the subsequent isomerization, and so on. After that, a large number of AN units 

were immediately involved in the main cyclization reaction, and some of β-amino nitriles was 

produced. One of new understandings obtained was that the initial cyclic structures after the 

oxidation, the isomerization, and so on were the real induced “nucleus” of the main 

cyclization reaction, and therefore, the oxygen in the air played a key role on the PAN main 

cyclization. The last step was the dehydrogenation reaction on the polycyclic structures at high 

temperature. 

1. Introduction 

Carbon fibers are an excellent material with ultrahigh 

mechanical strength, superior corrosion-resistant, lightweight, 

and it has been widely applied in the automotive, civilian 

industry, sports apparatus, especially in the field of aerospace.1-

3 It’s worth mentioning that polyacrylonitrile (PAN) precursor 

fiber is one of the most popular raw materials for producing 

high performance carbon fibers.4-8 Generally speaking, the 

mainly manufacturing process of PAN-based carbon fibers 

involves pre-oxidation and carbonization, in which pre-

oxidation is a complex and time-consuming process. The 

typical pre-oxidation procedure of PAN precursor fibers are 

calcined at 200−300 °C in the tube furnace for 1−2 h.8-10 Pre-

oxidation process has an important influence on the final 

properties of carbon fibers. Therefore, understanding and 

tracking the pre-oxidation reaction pathways has a great 

significance for guarantee the quality of the resulting carbon 

fibers and improves production efficiency. 

Many researchers11, 12 found that a series of chemical 

reactions occurred during the pre-oxidation process of PAN, 

primarily including cyclization, dehydrogenation, oxidation, 

and so on. It was verified that the qualities of pre-oxidation are 

strongly depended on the experimental conditions, such as the 

atmosphere, time, temperature, oxygen diffusion. To date, the 

pre-oxidation mechanism of PAN have been intense 

investigations with various methods, such as solid-state nuclear 

magnetic resonance (ssNMR),1, 10, 13, 14 Fourier transform 

infrared spectroscopy (FTIR),10, 13, 15-17 elemental analysis,18 

thermal analysis,19 X-ray diffraction.19 According to the 

literature, Ngoc Uyen et al.15 investigated the structural 

evolution of poly(acrylonitrile-coitaconic acid) (PAI) by FTIR 

during the pre-oxidative, and determined the optimal structural 

characteristics of the precursors for carbon fibers. Liu et al.5 

systematically studied the thermo-chemical reactions and the 
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structural conversions of the electrospun PAN precursor 

nanofibers during the pre-oxidative. It was revealed that the 

PAN copolymer predominantly participates into the inter-

molecular cyclization or crosslinking. They also compared the 

electrospun PAN nanofibers with the conventional precursor 

fibers (SAF 3K) produced by wet spinning. Wang et al.1 

analyzed the composition and structure of the residues after the 

thermal treatment of 13C-labeled PAN samples in the argon 

atmosphere by one and two-dimensional solid-state13C nuclear 

magnetic resonance (ssNMR) experiments. Very recently, Liu 

et al. systematically investigated the 13C-labeled a-PAN 

stabilized different reaction pathways and structures under 

nitrogen and air atmosphere using several ss-NMR 

techniques.19 Despite decades of research, however, the 

proposed reaction pathway (or mechanism) of this process is 

still puzzling.1, 11, 20 Moreover, most current investigations 

based on the pre-oxidized PAN fibers are non-online, and 

strongly depending on the environmental factors.21-23 Therefore, 

the precise online tracking the reaction pathways of the pre-

oxidation process of PAN fibers will be urgent and of great 

importance. Herein, we proposed an online approach to track 

this process using two-dimensional (2D) correlation FTIR 

spectroscopy. 

Generalized two-dimensional (2D) correlation infrared 

spectroscopy was originally proposed by Noda in 1993.24 This 

technique is one of the best ways to study polymer transition 

mechanism, which can be easily used to track chemical 

structure information by the sequential order of spectral 

variables. In 2000, in order to identify the transition 

temperature of a thermotropic liquid-crystal sample, the theory 

of the moving-window two-dimensional correlation 

spectroscopy (MW2D) was reported by Thomas and 

Richardson.25 After that, a similar technique based on the 

MW2D was proposed by Morita in 2006, called perturbation-

correlation moving-window two-dimensional correlation 

spectroscopy (PCMW2D).26 One of the biggest advantages is 

that MW2D can be directly used to determine the spectral 

correlation variation along both perturbation variables (e.g., 

temperature) and spectral variables (e.g., wavenumber) axis.26-

30 Recently, we have proposed the scaling moving-window 

two-dimensional correlation spectroscopy (scaling-MW2D), 

which was specially designed to identify weak transitions of 

polymers.31 The reason of establishing scaling-MW2D is that 

the conventional MW2D has a difficulty to distinguish the 

weak transitions due to its low resolving capacity along the 

perturbation variable axis (e.g., temperature).31 The 2D 

correlation infrared spectroscopy has an inherent advantage in 

the study of polymer transitions. In recent years, the 

combination of 2D correlation infrared spectroscopy with 

moving-widow and generalized 2D correlation analysis has 

been widely applied to investigate the glass transition, the 

reaction mechanism, the crystallization temperature, and other 

phase-transitions of polymers, which was proven to be very 

convenient and successful.32-36 Hence, 2D correlation FTIR 

spectroscopy is also suitable for PAN fibers to online monitor 

the pre-oxidation process, was well as to study the reaction 

pathways. 

In the present study, the in situ FTIR spectroscopy 

combining scaling-MW2D and 2D correlation analysis were 

employed to investigate the reaction mechanism of the pre-

oxidation. Scaling-MW2D revealed that the pre-oxidation 

reaction of PAN copolymer fibers had two processes, called 

process A (69−223 °C) and process B (223−309 °C). An 

accurate and systematic reaction route was obtained. 

Furthermore, the differential scanning calorimeter (DSC) was 

also used to assist the determination of the temperature region 

and solid-state 13C NMR analysis was applied to verify the 

molecular structure of pre-oxidized PAN fibers. 

2. Experimental 

2.1. Materials 

Polyacrylonitrile (PAN) copolymer fibers (methyl acrylate as 

the co-monomer with 1.0 mol%; the average diameter was 5 

µm) which was prepared via dry-wet spinning, were provided 

by Zhejiang Zhongcheng Packing Material Co., Ltd. The 

weight average molecular weight (Mw) was 1.34×106 g/mol 

measured by gel permeation chromatography (GPC). The GPC 

results of PAN copolymer fibers are listed in Table S1 in the 

supporting information. The PAN samples were used as 

received without any further treatment. 

2.2. Differential scanning calorimetry (DSC) 

The DSC measurement was performed on NETZSCH 204 F1 

with 8 mg of PAN fibers sample in air atmosphere (25 mL/min). 

The sample was heated from 50 °C to 320 °C at 5 °C/min. 

2.3. Thermal gravimetric analysis (TGA) 

The thermogravimetric behavior was measured using a 

NETZSCHTG 209F1 thermal gravimetric analyzer at a heating 

rate of 5 °C/min in the range of 40-600 °C in air atmosphere 

(25 mL/min). The sample weight of PAN fibers was 5 mg. 

2.4. In situ FTIR spectroscopy 

The PAN fibers were firstly cut into powder, and then 

ground approximately 5 mg of this powder with 300 mg KBr 

until the fiber powder was uniformly dispersed. After 

desiccated, the mixed powder was tableted to a disk with the 

diameter of 1.3 cm and the thickness of 0.8 mm. The 

temperature-dependent FTIR spectra between 60 °C and 320 °C 

were collected with Nicolet iS50 Fourier transform 

spectrometer, which was equipped with a deuterated triglycine 

sulfate (DTGS) detector. The FTIR spectra of the sample were 

recorded within the region of 4000−400 cm-1 at a resolution of 

4 cm-1 with 32 scans. The temperature-dependent FTIR 

experiment was carried out in air atmosphere and the heating 

rate was 5 °C/min. A total of 122 FTIR spectra were gathered 

from 60 °C to 320 °C at approximately 2 °C increments. 

2.5. 2D correlation analysis 
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The generalized 2D correlation FTIR spectra, MW2D, and 

scaling-MW2D were processed, calculated, and plotted by 

2DCS software, developed by one of the authors. The window 

size of MW2D and scaling-MW2D was chosen as 11 (2m+1) to 

produce high-quality spectra. The linear baseline corrections 

were applied in the region of 3470−2750 cm-1, 2400−2100 cm-1, 

and 1780−840 cm-1 before the calculations. The 5% correlation 

intensity of spectra was regarded as noise and was cut off. In 

2D correlation FTIR spectra, the red areas represent positive 

correlation intensity, and the blue areas represent the negative 

correlation intensity. The theory and algorithm of MW2D and 

generalized 2D correlation spectroscopy can refer to the 

literature.24, 25 A brief summarization to the theory of scaling-

MW2D based on auto-correlation is described in the supporting 

information. The detailed algorithm of scaling-MW2D can also 

refer to the Ref.31 

2.6. Solid-state 13C NMR and 1H NMR 

The pre-oxidized PAN copolymer fibers were prepared using 

SK-G10123K furnace (Tianjin Central laboratory furnace Ltd.). 

The PAN fibers were kept straight and program temperature 

heated from 60 °C to 320 °C at 5 °C/min with the air flow rate 

of 1.5 L/h. After that, both the raw PAN fibers and the pre-

oxidized PAN fibers were cut into powder. The 13C solid-state 

NMR (13C ss NMR) of the powders of PAN fibers and pre-

oxidized PAN fibers were measured using a Bruker Avance 

Ultrashield 500 Plus NMR. The 1H and 13C carrier frequencies 

were 500.1 and 125.8 MHz, respectively. In this study, the 

parameters of 13C ss NMR measurements were chosen as the 

report by Liu et al.19 The as-prepared samples were packed in a 

4 mm Zirconia MAS rotor with a Kek-F drive cap and were 

measured with a MAS speed of 13 kHz at 25 °C. The CH signal 

was set as 29.46 ppm as an external reference. In 13C CP/MAS 

experiments, 13C 90° pulse length, CP contact time, and recycle 

delay were set as 2.5 µs, 5 ms, and 2 s, respectively. The 1H 

NMR of PAN copolymer fibers was also measured using a 

Bruker Avance 600 MHz NMR spectrometer, and the 

deuterated dimethyl sulfoxide (DMSO-d6) was used as the 

solvent. The 1H NMR of PAN fibers is shown in Figure S1 in 

the supporting information. 

3. Results and discussion 

3.1. Structure evolution of PAN copolymer fibers upon 

heating 

The in situ FTIR spectra of PAN copolymer fibers upon 

heating from 60 °C to 320 °C in the region 3450−2740 cm-1, 

2280−2120 cm-1, and 1850−850 cm-1 are shown in Figure 1. 

According to the literature, the bands assignments in this paper 

are summarized in Table S2 in the supporting information. The 

peak at 1733 cm-1 is assigned to C=O stretching of methyl 

methacrylate (MMA).8, 15 It can be observed the intensity of 

1733 cm-1 reduces with the temperature increasing. This 

indicates the disappearance of MMA repeating units during the 

pre-oxidation process. Commonly, the most representative 

spectral region for PAN fibers is 2280−2120 cm-1, because the 

peak at 2243 cm-1 assigned to C≡N stretching.10, 13, 15, 17 As the 

temperature increases from 60 °C to 320 °C, the bands intensity 

of nitrile grouping (2243 cm-1) rapidly reduces, and slightly 

moves to a lower wavenumber (about 10 cm-1). The bands 

intensity decrease of 2243 cm-1 certainly reveals the 

disappearance of ordinary C≡N groups during the pre-oxidation, 

and the phenomenon of moving to a lower wavenumber was 

reported due to the electron resonance of nitrile grouping with 

other groups in molecular chains.37 It is noted that the peak 

around 2243 cm-1 does not completely disappear at 320 °C,  

 

 
Figure 1. In situ FTIR spectra of the pre-oxidation of PAN copolymer fibers from 

60 °C to 320 °C. Key: (a) 3450−2740 cm
-1

 and 2280−2120 cm
-1

; (b) 1850−850 cm
-1

. 

which indicates the not all of the nitrile grouping in PAN fibers 

can be converted into a ladder-like polymer structure during the 

pre-oxidation process. There still exists the residual isolated 

nitrile in the molecular chains after the pre-oxidation. In 
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addition, a new peak is observed around 2195 cm-1 which was 

also reported by Satish et al.38 They deconvolved the 

overlapping bands within 2250−2150 cm-1 using multi-peak 

fitting, and two peaks of 2190 cm-1 and 2210 cm-1 were 

successfully fitted, which are assigned to C≡N stretching of 

C≡N groups in β-amino nitrile and conjugated nitrile,38, 39 

respectively. The appearance of 2195 cm-1 reveals the 

transformation from the ordinary C≡N groups to β-amino nitrile 

during the pre-oxidation. 

At the same time, it is also observed that the bands intensities 

of 3371 cm-1 and 3224 cm-1 which are assigned to O−H 

stretching of O−H groups and N−H stretching of N−H groups 

obviously increase from 60 °C to 320 °C,15, 40, 41 indicating the 

generation of O−H and N−H groups. As shown in Figure 1(b), 

most of the peaks in the region 1850−850 cm-1 sudden rapidly 

widen and heighten with the temperature increasing. Special 

attention is needed to the new generated bands of 1610 cm-1, 

1580 cm-1, and 1380 cm-1. The bands of 1610 cm-1, 1580 cm-1 

are attributed to C=C and C=N stretching in the cyclic 

structure,42, 43 and 1380 cm-1 is an overlapped bands consisting 

of C−H, N−H, and O−H bending in rings.15, 43 This fully shows 

that a large number of cyclic structures generates during the 

pre-oxidation. In addition, the formation of the acridone and 

C−O−C structure is also detected, because the band intensity of 

1650 cm-1 assigned to C=O stretching of carbonyl groups in 

acridone42, 43 and that of 1150 cm-1 assigned to C−O−C 

stretching15, 44 both increase rapidly during the pre-oxidation. It 

is noted that the bands intensity around 2940 cm-1 rapidly 

decreases when the temperature is near 320 °C. The peak 

around 2940 cm-1 is assigned to C−H asymmetrical stretching 

of −CH2− groups in PAN backbone, and therefore, the 

reduction of 2940 cm-1 probably reveals the occurrence of 

dehydrogenation reactions at the high temperature. 

Table 1. 13C resonances of raw PAN copolymer fibers and pre-oxidized 

PAN copolymer fibers observed in the ssNMR spectra. 

 
13C chemical shifts 

(ppm) 
Assignments References 

a 28.4 −CH− 1, 10, 20, 22 

b 28.4 −CH2− 1, 10, 20, 22 

c 69.7 −C−OH 1, 20, 22 

d 72.6 C−O−C 45, 46 

e 112.8 −C=C− 13, 22 

f 119.6 −C≡N 1, 10, 13, 22 

g 134.3 −C=C−H 13, 22 

h 145.6 −C=C−O 47 

i 150.2 −C=N− 1, 20 

j 162.4 O−C=N− 1, 20 

k 164.0 C=C−NH2 
39 

l 196.4 −C=O 20 

3.2. 13C ssNMR 

To further reveal the final chemical structure of pre-oxidized 

PAN copolymer fibers. Typical solid-state 13C NMR spectra of 

raw PAN copolymer fibers and pre-oxidized PAN copolymer 

are measured and illustrated in Figure 2. The corresponding 

chemical structures are summarized in Table 1. The chemical 

shift at 119.6 ppm (f) is attributed to the C≡N groups, and an 

obvious reduction of 119.6 ppm confirms most of PAN fibers 

are involved in the pre-oxidation process.19 

 
Figure 2. Solid-state 

13
C NMR spectra of PAN copolymer fibers (red curve) and 

pre-oxidized copolymer PAN fibers (blue curve). 

 
Figure 3. DSC curve of PAN copolymer fibers from 50 °C to 320 °C upon heating 

at 5 °C/min in air atmosphere. 

Compared with the raw PAN fiber, there appears a series of 

new peaks in 13C ssNMR spectra of pre-oxidized PAN fiber. 

Specifically, the appearances of 112.8 ppm (e), 134.3 ppm (g), 

150.2 ppm (i), 145.6 ppm (h), 72.6 ppm (d), 196.4 ppm (l), 

164.0 ppm (k), and 69.7 ppm (c) are observed. The chemical 

shifts at 112.8 ppm (e) and 134.3 ppm (g) are contributed from 

carbon atoms in −C=C− and −C=C−H structures, and 150.2 

ppm (i) is assigned to the −C=N− structure. The appearance of 

112.8 ppm (e), 134.3 ppm (g), and 150.2 ppm (i) reveals the 

cyclization and dehydrogenation reactions, which is also 

detected in in situ FTIR in Figure 1. The chemical shift at 

196.4 ppm (l) is attributed to −C=O from pre-oxidation 

products while 145.6 ppm (h) and 72.6 ppm (d) are both 

attributed to C−O−C groups. Moreover, the chemical shifts at 

164.0 ppm (k) and 69.7 ppm (c) are assigned to C=C−NH2 and 

−C−OH in the cyclic structures, respectively. Combining with 
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the results of in situ FTIR and 13C ssNMR, the final chemical 

structure of the pre-oxidized PAN fibers can be clearly 

determined as shown in Figure 2. It also can be concluded that 

the pre-oxidation of PAN copolymer fibers primarily consists 

of cyclization, dehydrogenation, and the oxidation reaction. 

However, the specific reaction pathways based upon these 

results are still unclear. Therefore, the powerful 2D correlation 

FTIR spectroscopy is necessary for figuring out the reaction 

mechanism of the pre-oxidation of PAN copolymer fibers. 

3.3. DSC measurement 

DSC curve of PAN fibers from 50 °C to 320 °C upon heating 

in air atmosphere is measured and illustrated in Figure 3. An 

exothermic peak at 295 °C is observed, and the temperature 

range of this peak is within 225−314 °C, which is consistent 

with the range determined by TGA measurement (Figure S2 in 

the supporting information). This indicates that pre-oxidation 

reaction of PAN fibers begins at 225 °C and ends at 314 °C, 

and this reaction reaches the maximum reaction rate at 295 °C. 

It is noted that no other peaks are observed when the 

temperature is below 225 °C. 

 
Figure 4. Conventional MW2D FTIR spectra of the pre-oxidation of PAN copolymer fibers calculated from the in situ FTIR spectra from 60 °C to 320 °C in the region of 

3450−2780 cm
-1

, 2280−2170 cm
-1

 and 1750−1000 cm
-1

. The horizontal dashed lines correspond to the temperature points at 277 °C, 280 °C, 285 °C, and 288 °C. 

 
Figure 5. Scaling-MW2D FTIR spectra of the pre-oxidation of PAN copolymer fibers calculated from the in situ FTIR spectra from 60 °C to 320 °C in the region of 

3450−2780 cm
-1

, 2280−2170 cm
-1

 and 1750−1000 cm
-1

. The scaling factor is chosen as α=0.7. The horizontal dashed lines correspond to the temperature points at 

100 °C, 223 °C, 277 °C, 280 °C, 285 °C, and 288 °C, respectively. 

3.4. Two processes of pre-oxidation determined by scaling-

MW2D FTIR 

Figure 4 is the conventional MW2D FTIR spectra of the 

pre-oxidation of PAN copolymer fibers in the region of 

3450−2780 cm-1, 2280−2170 cm-1 and 1750−1000 cm-1, which 

are calculated from the in situ FTIR spectra from 60 °C to 

320 °C. A strong transition within 277−288 °C is observed. 

The temperature of 277−288 °C just falls into the temperature 

region of pre-oxidation reaction determined by DSC 

(225−314 °C). Thus, the transition within 277−288 °C 

observed in the conventional MW2D also reveals the pre-

oxidation reaction. Specifically, temperature points at 277 °C, 

280 °C, 285 °C, and 288 °C shows a series of reactions during 
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the PAN fibers pre-oxidation, including the cyclization, the 

dehydrogenation, and the oxidation reaction. As mentioned in 

the introduction section, the conventional MW2D has a 

difficulty of detecting weak transitions of polymers. So, if we 

neglect of other transitions, which cannot be detected by DSC 

or the conventional MW2D, the wrong conclusion about the 

reaction pathways will probably be summed up, which will be 

a big problem to mislead people.  

We want to find out whether there are other transitions exist 

during the PAN fibers pre-oxidation. Then, the auto-

correlation scaling-MW2D was employed in our work. The 

scaling-MW2D FTIR spectra of the pre-oxidation of PAN 

copolymer fibers in the region of 3450−2780 cm-1, 2280−2170 

cm-1 and 1750−1000 cm-1 are shown in Figure 5. As expected, 

using the scaling-MW2D FTIR spectra, not only the strong 

transition within 277−288 °C, but also other weak transitions 

are detected when the temperature is below 223 °C. 

Specifically, a weak correlation peak of 1626 cm-1 at 100 °C is 

observed, and the correlation peak of 2243 cm-1 within 

70−195 °C is detected. The bands at 1626 cm-1 is attributed to 

O−H bending of the absorbed water in PAN fibers,48 and 

100 °C is exactly the boiling point of water. Thus, this weak 

transition is certainly the dehydration of PAN fibers. The 

bands at 2243 cm-1 is assigned to C≡N stretching.10, 13, 15, 17 

The weak transition of C≡N groups within 70−195 °C 

indicates some of weak chemical reactions between C≡N 

groups and other functional groups. In our FTIR experiment, it 

can also be observed that the spectral intensity of 2243 cm-1 

slowly decreases (not displayed here) with the temperature 

increasing from 69 °C to 223 °C, which also shows the 

reactions of C≡N groups. 

 
Figure 6. Synchronous (left) and asynchronous (right) correlation FTIR spectra calculated from the in situ FTIR spectra of process A (69−223 °C) in the region of 

1750−1600 cm
-1

 vs 2280−2170 cm
-1

 and 1750−1600 cm
-1

. Red and blue areas represent the positive and negative correlation intensity, respectively. 

From the scaling-MW2D FTIR spectra, two processes of 

the PAN fibers pre-oxidation are preliminary determined. 

Here, as shown in Figure 5, the temperature point of 223 °C is 

used as the dividing line between two processes. This is 

because 223 °C is obviously the onset point of the strong 

transition judging from the correlation intensity peaks in 

Figure 5. In addition, the temperature of 223 °C is very close 

to the onset point of 225 °C determined from DSC. As labeled 

in Figure 5, these two processes are named as A and B, and 

the temperature regions are 69−223 °C and 223−309 °C, 

respectively. According to the strength of the correlation 

peaks, combining with the DSC curve, it can be inferred that 

process B (223−309 °C) is the main process of the PAN fibers 

pre-oxidation, and process A (69−223 °C) is the initial process. 

The cyclization, dehydrogenation, and oxidation of the PAN 

fibers mainly take place in process B due to the appearance of 

the strong correlation peaks at 1650 cm-1 (C=O, cyclic), 1610 

cm-1 (C=C, cyclic), 1580 cm-1 (C=N, cyclic), 2195 cm-1 (C≡N, 

β-amino), and so on. The process B is s an exothermic 

reaction, which can also be easily detected by DSC. The 

process A is composed of the dehydration of PAN fibers and 

some of weak reactions of C≡N groups. The exothermic and 

endothermic of these two sub-processes are probably both 

very weak, and therefore, it cannot be detected using DSC. 
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Because the formation of the cyclic structures (1650 cm-1, 

1610 cm-1, 1580 cm-1) and β-amino nitrile (2195 cm-1) are not 

observed in process B, we think the weak reactions of C≡N 

groups in process B is probably the induced reaction before 

the rings formation. According to the literature, people 

generally accepted that comonomer units (e.g., MMA) can 

significantly reduce the difficulty of PAN ring formation 

reaction due to the induction. So, it can be inferred that this 

induced reaction is probably between acrylonitrile (AN) 

monomer units and MMA. However, in scaling-MW2D, there 

is no evidence to support our inference about this induced 

reaction. To solve this problem, the generalized 2D correlation 

FTIR analysis for process A and B is necessary. 

3.5. Generalized 2D correlation FTIR analysis 

To capture the detailed pathways of the initial process (A) 

and the main process (B) during the PAN fibers pre-oxidation, 

the in situ FTIR spectra within process A (69−223 °C) and 

process B (223−309 °C) were used to perform the generalized 

2D correlation analysis. Generalized 2D correlation FTIR 

spectra contain synchronous and asynchronous spectra. The 

sequential order of the spectral intensity change of functional 

groups can be determined by the sign of the correlation peaks 

using Noda’s rules.24 A simple summarization of Noda’s rules 

is as follows: 

1) If Φ(v1, v2)>0, Ψ(v1, v2)>0 or Φ(v1, v2)<0, Ψ(v1, v2)<0, 

then the movement of v1 is before that of v2; 

2) If Φ(v1, v2)>0, Ψ(v1, v2)<0 or Φ(v1, v2)<0, Ψ(v1, v2)>0, 

then the movement of v1 is after that of v2; 

3) If Φ(v1, v2)>0, Ψ(v1, v2)=0 or Φ(v1, v2)<0, Ψ(v1, v2)=0, 

then the movements of v1 and v2 are simultaneous. 

 
Figure 7. Synchronous (left) and asynchronous (right) correlation FTIR spectra calculated from the in situ FTIR spectra of process B (223−309 °C) in the region of 

3450−2780 cm
-1

, 3450−2780 cm
-1

 vs 2280−2170 cm
-1

, and 3450−2780 cm
-1

 vs 1750−1720 cm
-1

. 
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3.5.1 Initial process of the pre-oxidation (process A, 

69−223 °C) 

As mentioned above, the process A contains the 

dehydration of PAN fibers and the induced reaction between 

AN and MMA. So, we focus the generalized 2D correlation 

analysis on 1626 cm-1 (the absorbed water), 1733 cm-1 (MMA), 

and 2243 cm-1 (C≡N). The generalized 2D correlation FTIR 

spectra in the region 1750−1600 cm-1 vs 2280−2170 cm-1 and 

1750−1600 cm-1 are shown in Figure 6, which are calculated 

from the in situ spectra of process A (69−223 °C). The signs 

of the correlation peaks at (1733 cm-1, 1626 cm-1), (1733 cm-1, 

2243 cm-1), and (1626 cm-1, 2243 cm-1) are summarized in 

Table S3 in the supporting information. The sequential order 

is gained as 1626 cm-1→1733 cm-1→2243 cm-1 according to 

Noda’s rules. Here, the symbol “→” represents “before”, and 

“←” represents “after”.  

The corresponding sequential order of the groups’ 

movement is δ(O−H, absorbed water)→v(C=O, 

MMA)→v(C≡N). That is to say, the dehydration of the 

absorbed water in PAN copolymer fibers is the first step, 

followed by the movement of C=O groups in MMA units and 

the movement of C≡N groups in AN units. It is noted that the 

molecular movement of C=O groups in MMA units is before 

that of C≡N groups in AN units. This reveals that the reaction 

of C≡N groups is initiated by the ester groups of MMA, which 

validates our inference of the induced reaction between MMA 

and AN units in process A. This result is also the same as the 

induction period as reported in other literature.15, 22 However, 

the difference of our finding is that the induced reaction 

between MMA and AN units already takes place at a 

relatively low temperature (below 223 °C). Comparing with 

the main process of the PAN fibers pre-oxidation (process B), 

although process A is very weak, it is very important for PAN 

cyclization in process B. 

 
Figure 8. Synchronous (left) and asynchronous (right) correlation FTIR spectra calculated from the in situ FTIR spectra of process B (223−309 °C) in the region of 

3450−2780 cm
-1

 vs 1720−1540 cm
-1

, and 3450−2780 cm
-1

 vs 1250−1050 cm
-1

. 

3.5.2 Main process of the pre-oxidation (process B, 

223−309 °C) 

The generalized 2D correlation FTIR spectra calculated 

from the in situ spectra of process B (223−309 °C) are shown 

in Figures 7, 8, 9, 10, and 11. The signs of the correlation 

peaks of all cross peaks in Figures 7, 8, 9, 10, and 11 are 

summarized in Table S4 in the supporting information. 

According to Noda’s rules, the sequential order is 1733 cm-

1→1580 cm-1→1610 cm-1→3371 cm-1=3224 cm-1→1650 cm-

1→1150 cm-1→ 2243 cm-1→2190 cm-1→2940 cm-1. 

The corresponding sequential order of the groups’ 

movement is v(C=O, MMA)→ν(C=N, cyclic)→ν(C=C, 

cyclic)→v(O−H)=v(N−H)→ν(C=O, cyclic)→v(C−O−C)→ 

v(C≡N)→v(C≡N, β-amino)→vas(−CH2−). The molecular 

movement of C=O groups in MMA units is the first of the 

process B. Then, the movements of C=N and C=C in the 

cyclic structures are followed. In addition, the movement of 
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C=N in the cyclic structures is before that of C=C in the cyclic 

structures. Many scientists reported in FTIR 1580 cm-1 (C=N, 

cyclic) and 1610 cm-1 (C=C, cyclic) were the most important 

characteristics bands for monitoring the formation of PAN 

cyclic structure.15, 42, 43 In our opinion, v(C=O, 

MMA)→ν(C=N, cyclic)→ν(C=C, cyclic) actually reveals the 

generation of some initial cyclic structure in PAN copolymer 

fibers. The movement of v(C=O, MMA) is a natural result of 

process A, indicating the initial cyclization starting from the 

chemical structure formed by the induced reaction between 

MMA and AN uints in the process A. For the initial 

cyclization, it also shows that the C=N structure is first 

generated, and then the C=C structure. In order to clear 

explanation the reaction pathways gained from 2D correlation 

FTIR analysis, the chemical structures discussed here are all 

illustrated in Figure 12. After that, the oxygen in the air is 

involved in, and the oxidation reaction occurs. The oxygen 

attacks the carbon atoms from −C=C− structure, and the  

 
Figure 9. Synchronous (left) and asynchronous (right) correlation FTIR spectra calculated from the in situ FTIR spectra of process B (223−309 °C) in the region of 

2280−2170 cm
-1

, 2280−2170 cm
-1

 vs 1750−1720 cm
-1

, 2280−2170 cm
-1

 vs 1720−1540 cm
-1

, and 2280−2170 cm
-1

 vs 1250−1050 cm
-1

. 
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Figure 10. Synchronous (left) and asynchronous (right) correlation FTIR spectra calculated from the in situ FTIR spectra of process B (223−309 °C) in the region of 

1750−1720 cm
-1

 vs 1720−1540 cm
-1

 and 1750−1720 cm
-1

 vs 1250−1050 cm
-1

. 

 
Figure 11. Synchronous (left) and asynchronous (right) correlation FTIR spectra calculated from the in situ FTIR spectra of process B (223−309 °C) in the region of 

1720−1540 cm
-1

 and 1720−1540 cm
-1

 vs 1250−1050 cm
-1

. 

Page 10 of 14RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 11  

hydroxyl pyridine structure (−C=C−OH) is formed. At the 

same time, the isomerization of the C=N structure is induced. 

The N−H group is formed due to the electrophilic attacking of 

the active H on the nitrogen atom in C=N. As everyone knows, 

the structure of −C=C−OH is unstable, which can be easily 

transformed into a quasi-pyridone structure with −C=O. The 

assumption of the sub-process of v(O−H)=v(N−H)→ν(C=O, 

cyclic) was proposed by other scientists.22, 47 In this study, the 

assumption is supported by the results of 2D correlation FTIR 

for the first time. The generation of C−O−C is after that of the 

quasi-pyridone structure. The C−O−C structure (as shown in 

Figure 12) was also proposed and reported by Standage and 

Matkowshi.49 The main reason of the C−O−C formation is 

probably due to the dehydration reaction of adjacent hydroxyls 

on the initial cyclic structure. 

 
Figure 12. Schematic illustration of the pre-oxidation pathways of PAN copolymer fibers. 

According to the sequential order of 2D correlation analysis, 

after the formation of C−O−C, the movement of C≡N groups 

appears. In our in situ FTIR experiment, the sudden rapid 

decrease of the bands intensity of C≡N groups (2243 cm-1) was 

observed in process B, which indicated the strong chemical 

reaction of C≡N groups. The sub-process of v(C≡N)→v(C≡N, 

β-amino) certainly reveals the main cyclization reaction from 

a large number of AN units, and then produces some products 

of β-amino nitriles. In in situ FTIR experiment, we also observe 

the gradual increase of the bands intensity of β-amino nitrile 

(2195 cm-1) in process B. Many studies reported that the co-

monomer in PAN copolymer fibers significantly reduced the 

difficulty of ring formation reaction due to the induction of the 

co-monomer units via the nucleophilic attack on the carbon 

atom of an adjacent nitrile group.4, 8, 15, 43, 50 However, from the 

sequential order of 2D correlation analysis, the more detailed 

pathways are obtained. As discussed in the previous section, the 

induced reaction of MMA units on AN units have already been 

finished in process A (69−223 °C). When the temperature 

increases to process B (223−309 °C), the initial cyclic 

structures are formed from the chemical structure formed by 
the induced reaction in the process A. Then, these initial cyclic 

structures undergo a series of the oxidation reactions and the 

subsequent isomerization reaction and the generation reaction 

of the C−O−C structure. The initial cyclic structures after the 

oxidation, the isomerization, and so on are the real induced 

center and the starting point of the main cyclization reaction. 

This also reveals that the oxygen in the air plays an important 

role on the PAN cyclization. The β-amino nitrile is the products 

of the main cyclization reaction. The appearance of β-amino 

nitrile in PAN pre-oxidation was also reported by Bajaj et al.51 

and by Gupta et al.52 The most likely location of β-amino nitrile 

is at the end of the polycyclic structure. The last step of the 

sequential order is the movement of −CH2− groups. In in situ 
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FTIR experiment, a rapid reduction of the −CH2−bands 

intensity (2940 cm-1) was observed in process B, especially 

around 288 °C, also detected by Scaling-MW2D FTIR in 

Figure 5. The concentration reduction of −CH2− groups at a 

high temperature certainly reveals the dehydrogenation reaction 

on the polycyclic structures. 

4. Conclusions 

In this study, the in situ FTIR spectroscopy combining 

scaling-MW2D and 2D correlation analysis were used to study 

the reaction pathways of the PAN copolymer fibers pre-

oxidation. Scaling-MW2D revealed that the PAN copolymer 

fibers pre-oxidation was composed of initial process (process A, 

69−223 °C) and main process (process B, 223−309 °C). From 

the sequential order of 2D correlation analysis, the more 

detailed pathways of PAN fibers pre-oxidation were obtained 

(Figure 12): 

1) The induced reaction of MMA units on AN units 

completed in process A (69−223 °C). 

2) In process B (223−309 °C), the initial cyclic structures 

were first generated from the chemical structure formed by the 

induced reaction in process A. 

3) Then, these initial cyclic structures underwent a series of 

the oxidation, the subsequent isomerization, and so on. 

4) After that, a large number of AN units were immediately 

involved in the main cyclization reaction, and some of β-amino 

nitriles was produced. The initial cyclic structures after the 

oxidation, the isomerization, and so on were the real induced 

center of the main cyclization reaction, and therefore, the 

oxygen in the air played a key role on the PAN main 

cyclization. 

5) The last step was the dehydrogenation reaction on the 

polycyclic structures at a high temperature. 
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