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A series of acrylamide (AM) copolymers with various N–Vinylpyrrolidone (NVP) contents 

were prepared by free radical solution polymerization. The chemical structures of 

polyacrylamide (PAM) and copolymers were analyzed by Fourier Transform Infrared 

Spectrometer (FTIR) and H NMR. Systematic investigations had been carried out to reveal the 

role of NVP in copolymer thermal degradation by using a variety of techniques--differential 

scanning calorimetry (DSC), thermogravimetric analysis (TGA), thermogravimetric analysis 

coupled Fourier Transform Infrared Spectroscopy (TGA-FTIR). The DSC measurement 

showed an increase of 18oC in glass transition temperature (Tg) for copolymer, meaning better 

thermal stability at 10% NVP content. TGA-FTIR analysis revealed that in copolymer, low 

temperature pyrolysis products, such as ammonia and amide, were slowed down until NVP 

cleaved at about 400 oC. Furthermore, nitriles which derived from imide or isolated amide 

breakdown, were only detected in copolymer over 350 oC, verifying that amide or imide groups 

in copolymer were also protected by NVP from another point of view. These results also 

revealed that NVP formed hydrogen bond with amide group and promoted the remote side 

group or inter-molecule crosslinking under heating. 

 

Introduction 

Polyacrylamide, along with poly(N-vinylpyrrolidone), performs 

favorable physical or chemical stability in biological body, 

widely utilized as soft tissue filler in aesthetic and plastic 

surgery, [1] drug and cell carriers [2] in clinical medicine. 

Furthermore, polyacrylamide has also become very attractive 

material for gel electrophoresis, used for DNA adducts 

detection, [3,4] DNA sequencing, [5] separation of proteins in 

native biomacromolecule, [6] amino acids, [7] lipids, 

nucleotides, sugars. 

In recent years, there has also been an increasing interest in 

polyacrylamide and poly(N-vinylpyrrolidone) as proton 

conducting polymeric electrolytes matrix [8,9] in various 

electrochemical devices working in a wide temperature range, 

such as electronical condenser, electrochromic displays, 

electroplate and electrolytes solution. Polyacrylamide has also 

become very attractive materials for a variety of applications, 

including even as phantom for radiofrequency ablation, [11] 

acoustic coupling medium. [12] 

N-vinylpyrrolidone, as an effective co-monomer in thermal 

stability and amphipathy, was introduced into acrylamide 

copolymer in many fields, such as water reducer, sewage 

treatment agent and oil-displacing agent. [13] One of the most 

critical limiting factors of the application of polymeric 

materials is their limited thermal stability. However, in spite of 

the growing interest in acrylamide copolymer and their high-

temperature applications, only sporadic reports can be found on 

their thermal degradation or pyrolysis products analysis, and 

according to the best of our knowledge, systematic detailed 

investigations on the thermal degradation of poly(acrylamide-

vinylpyrrolidone) have not been reported yet. Most of the 

publications displayed thermal degradation behavior of 

polyacrylamide and poly(2-vinyl-pyrrolidone),[10,14,15] or 

compositing with polymer, [10,16~21] metal [22~25] or 

ceramic materials. [26~31] 

Some of these studies also reported on certain thermal data, for 

example, poly(vinyl-pyrrolidone), PVP, with a Tg of 175 oC 

(MW=400,000), performed a major decomposition at 480 oC, 

and though its degradation mechanisms differed radically from 

each other in previous works, pyrrolydone pendant group 

removal at the first stage is gernally accepted. [10,15,19] 

However, the effect of N-vinylpyrrolidone on thermal stability 

of polyacrylamide has not been revealed at all yet. Typically, 

polyacrylamide performs two main thermal degradation at 

about 300 oC and 400 oC, respectively. The thermal degradation 

of polyacrylamide induces formation of many pyrolysis 

products at around 450 oC, such as amides, imides, nitriles, 

ketones (aldehyde) and acrylamide oligomers. [32] 

It is also found that the degradation of acrylamide obeys the 

Arrhenius kinetics and the corresponding thermal degradation 

activation energy is about 140kcal/mol. Herein, we report on 

our findings obtained in the course of a series of detailed and 

systematic investigations on the thermal stability and 
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degradation process of poly(acrylamide-vinylpyrrolidone). In 

order to reveal the effect of N-vinylpyrrolidone pendant group 

on thermal stability and pyrolysis products, calorimetric and 

thermogravimetric studies were applied in conjunction with 

online Fourier Transform Infrared Spectroscopy (TG-FTIR) to 

identify and analyze the pyrolysis products. 

Experimental 

Materials 

The monomer acrylamide (AM) (Chengdu, China) was 

recrystallized in chloroform and N-vinylpyrrolidone (NVP) 

(Shanghai, China) refined by decompression distillation. The 

solvent ethanol, acetone (Chengdu, China) was dehydrated by 

distillation previously. The initiator tetramethylethylenediamine 

(TMEDA) (Chengdu, China), potassium persulfate (KPS) 

(Chengdu, China) and 2,2'-azobis[2-methylpropionamidine] 

dihydrochloride (AAPH) (Chengdu, China) were all dissolved 

in deionized water at a concentration of 2 mg/mL. 

Preparation of specimens 

Acrylamide (AM), along with corresponding amount of N-

vinylpyrrolidone (NVP) was added into a three-necked flask 

with a thermometer, a stirring rod and a nitrogen gas conduit to 

construct oxygen-free conditions. After about 15 minutes below 

AM polymerizing temperature, AAPH, TMEDA and KPS 

solution were added into the mixture [13]. Gelation occurred in 

about 30 minutes since the addition of initiator, and nitrogen 

gas was cut off and the whole reactor was sealed. After 24 h, 

the product was precipitated into acetone, and then extracted in 

acetone before ethanol to remove residual monomer, oligomer 

and NVP homopolymer. After extracting, the samples were 

dried at 40oC in a vacuum oven for 3 days and then stored in 

desiccator at ambient temperature, as seen in Scheme 1. 

Specimens with approximate molecule weight were obtained by 

regulating the amount of initiator in polymerization. Molecule 

weight of all the specimens was evaluated through intrinsic 

viscosity with Ubbelohde viscometer according to GB 

12005.10-1992. 

The NVP/AM ratio of the specimens was 0, 1%, 5%, 10%, 

15%, respectively. Hereinafter, the corresponding specimens 

were named as PAM, P(AM-NVP-1%), P(AM-NVP-5%), 

P(AM-NVP-10%) and P(AM-NVP-15%). 

Characterization 

FTIR. FTIR analysis of the specimens was conducted with a 

Nicolet-560 infrared spectrometer (USA) using a potassium 

bromide (KBr) pellet. FTIR spectra were recorded in the 

spectral range of 4000–400 cm-1 with a 2 cm-1 resolution and 

32 scans. 

H NMR. H NMR spectra was recorded on a spectrometer 

(Varian INOVA-400) at 25 oC using D2O as the solvent and 

HDO as the external standard. 

DSC. Differential scanning calorimetry (DSC) was performed 

with a Q200 DSC calorimeter (TA Instruments, American) in 

Al crucibles under nitrogen flow. The samples (ca. 3~4 mg) 

were first heated from 40 oC to 230 oC, then cooled to 100oC 

and again heated to 300oC in nitrogen at a rate of 20oC/min. 

The reported Tg values were determined in the second scans. 

TGA-FTIR. Thermogravimetric analysis coupled with Fourier 

transform infrared spectroscopy, TGA-FTIR, was performed 

via a Perkin-Elmer thermogravimetric analyzer (METTLER 

TOLEDO) interfaced to a Nicolet IS 10 infrared spectrometer 

under a dry nitrogen atmosphere. The samples (ca. 20~25 mg) 

were heated from 50oC to 700oC at a rate of 10oC/min in a 

70uL alumina ceramic sample holder. The nitrogen flow carried 

evolved gas into the cell of infrared spectrometer through a 

capillary tube under macro-program control. IR spectra were 

recorded in the spectral range of 4000–650 cm-1 with a 2 cm-1 

resolution and 32 scans. 

Results and discussion 

FTIR Spectra of PAM and copolymer 

Fig.1 showed the FTIR spectrum of PAM and copolymer. 

vmax/cm-1 3420(NH stretch), 2924(sym CH2 stretch, chain), 

1680(conj.CO in acrylamide), 1630(NH blend in acrylamide or 

conj.CO in NVP), 1492(CN scissor, ring [33]), 1454(CH2 

scissor), 1112(CN stretch [34]). 

As was seen, the peak at 1680cm-1 disappeared with increasing 

NVP content, indicating amide Ⅰ band shifted to lower wave 

number, even coincided with amide Ⅱ band. Moreover, sharp 

peak at 1454 cm-1 shrank and a weak peak at 1492 cm-1 

appeared in copolymer, proving that NVP was successfully 

introduced. 

H NMR study of PAM and copolymer 

The H NMR spectrums of PAM and copolymer (PAM-NVP-

15% as a template) were shown in Fig.2, and a small amount of 

residual ethanol was also detected, whose peaks were in 

accordance with water peak. δH (400MHz; D2O; HDO), 4.79 

(1H, s, HDO), 1.17 (3 H, t, -CH3 in ethanol), 3.64 (2 H, q, -

CH2- in ethanol), 1.70 (2 Hb, d, -CH2- of PAM backbone), 2.2 

(1 Ha, d, -CH- of PAM head-to-end connection backbone), 2.33 

(1 Hc, s, -CH- of PAM head-to-head connection backbone), 

3.35 (1 Hd, m, -CH- of PAM backbone adjacent to initiator). 

For copolymer, 1.65 (2 Hi, m, -CH2- of copolymer backbone), 

2.0 (2 Hf, s, -CH2- of pyrrolidone ring), 2.19 (2 He and 1 Ha, m, 

-CH2- of pyrrolidone ring and -CH- of PAM), 2.34 (1 Hc, s, -

CH- of PAM head-to-head connection backbone), 3.27 (2 Hg, s, 

-CH2N- in pyrrolidone ring), 3.89 (1 Hj, m, -CH- of backbone 

connected to pyrrolidone in head-to-end connection), 4.02 (1 

Hh, m, -CH- of backbone connected to pyrrolidone in head-to-

head connection). According to the area of characteristic peak, 

the conversions of NVP were 82.4%. 

Combining the IR spectrum and H NMR spectra of copolymer, 

we can conclude that the NVP were successfully introduced 

into the PAM. 

Intrinsic viscosity measurement 

Molecule weight (MW) of all the specimens was valued in 

intrinsic viscosity. The intrinsic viscosity of specimens selected 

in the paper was listed in table 1. As is seen, the eventual 

intrinsic viscosity was at around 1000 mL g-1, at an equal MW 

level of about 4500 kg mol-1. 

DSC study of PAM and copolymer 

In order to better understand NVP restriction on PAM 

molecular movement at elevated temperature, a series of NVP 

contained copolymer was evaluated by DSC in glass transition 

temperature (Tg). Fig.3 showed the DSC curves of PAM and 

copolymer with different NVP content. The glass transition 

temperature increased with extending NVP content, from 194 

oC for PAM to 212 oC for PAM-NVP-10%, chiefly because 

appropriate amount of NVP content was uniformly dispersed in 
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copolymer, in which large steric hindrance of five-membered 

pyrrolidone ring stiffened the copolymer backbone, so as to 

enhance its Tg. When NVP content increased to a certain 

proportion, the Tg started to decrease. As is seen in PAM-NVP-

15%, it could be interpreted that NVP got together and 

tremendously enlarged its free volume, where the adjacent 

segment could move freely. As a result, the whole molecule 

flexibility increased and thus Tg decreased. 

It is supposed that some special interaction between NVP and 

PAM enhance the thermal stability of copolymer. Next, TGA-

FTIR coupling technique is adopted to further study how NVP 

plays its role in PAM heat resistance and thermal degradation. 

TGA 

PAM, PAM-NVP-10%, PAM-NVP-15% were further studied 

via TGA, as was seen in Fig.4. PAM-NVP-15% performed the 

worst, especially below 350oC, which was coincident with the 

free volume presumption previously proposed in DSC analysis, 

as was listed in table 2. For the sake of comparison, the second 

stage of copolymer was divided into two subordinate ones at 

the first maximum in corresponding DTG curve region. 

PAM-NVP-10%, possessing the highest Tg and the best 

performance in TGA, was selected as a template to compare 

with PAM in thermal degradation. Hereinafter, PAM-NVP-

10% was called copolymer in short, unless specially stated. 

A little higher mass retention for copolymer was detected in the 

whole temperature range, especially from 200oC to 500oC, 

indicating better heat resistance in lower temperature range. 

Both curves of PAM and copolymer showed a 12% loss as soon 

as heating was started, during which the volatilization of 

moisture and residual solvent such as ethanol, was essentially 

completed at about 200oC. While for PAM, carbon dioxide was 

also detected below 200oC. As the temperature elevated further, 

degradation of the polymers began. DTG thermograms (Fig.5) 

clearly showed that degradation of copolymer was suppressed 

at about 300oC. While the thermal degradation of copolymer 

was much more complex, because more subordinate 

degradation regions at about 310oC, 360oC and 425oC emerged 

near the maximum rate of weight loss at 400oC. At about 570oC 

a plateau was observed in the TG curve, as dw/dt was zero. 

Gas Evolution Studies 

Compared with PAM, major degradation of side chain at the 

second stage was obviously suppressed. The maximum 

degradation temperature of copolymer was at about 400oC, 

lower than reported 480oC, the only maximum degradation 

temperature of pure PVP. These differences implied that the 

pyrolysis of copolymer was not simply superposition of two 

copolymer compositions, but interaction with each other under 

heating. To further demonstrate the special role NVP played in 

copolymer degradation, the evolved gas was studied by TGA-

FTIR analysis. 

During TGA-FTIR experiments, spectral data are repeatedly 

collected and then processed to build up a Gram-Schmidt 

reconstruction (Fig.6), each point of which corresponds to the 

total IR absorbance of the evolved components in the range of 

4000-650 cm-1, i.e., the Gram-Schmidt plot is the result of 

averaging all FTIR peak intensities over the entire spectral 

range [35]. Thus, the total absorbance intensity of each weight 

loss is function of the concentration of evolved gases and their 

pyrolysis rate. 

The Gram-Schmidt in the TGA-FTIR showed that both 

sustained three main pyrolysis stages after 15min. However, the 

copolymer possessed a slighter pyrolysis at the first stage, 

indicating that NVP suppressed the PAM side chain 

degradation [36] at lower temperature. A sharp absorption peak 

was detected at about 30min (350oC) for copolymer, which 

mainly comprised of carbon dioxide and aldehyde (ketones) 

dramatic increase at this stage (seen in Fig.7b). Gram-Schmidt 

was incompletely in accordance with DTG curve, in general the 

following two reasons accounted: first, not all evolved gas had 

an IR absorbance; Second, different gases presented variable 

infrared activity. 

To qualitatively study the evolved gases, the best hits on the 

library search program were confirmed as ammonia, carbon 

dioxide, aldehydes (ketone), imide and amide for both. Next, all 

absorption peaks detected were drawn out and assigned to 

potential pyrolysis products, in which pyrrolidone and nitriles 

were figured out exclusively for copolymer. The real-time 

tracking infrared spectrums and intensity of divided pyrolysis 

component was displayed in Fig.7 and Fig.8. 

The peak at 961 cm-1 was attributed to ammonia, the peak at 

1660 cm-1 and 1626 cm-1 was attributed to conjugated C=O and 

unsaturated bond, respectively. The peak at 1660 cm-1 was also 

a combined mode with the contribution of C=O and C-N stretch 

[37] in pyrrolidone, the peak at 1702 cm-1 was attributed to 

C=O of cyclic imide, the peak at 1743 cm-1 was attributed to 

C=O of aldehydes (ketone), the peaks at 2250 cm-1 and 2280 

cm-1 were attributed to nitriles, the peak at 2365 cm-1 was 

attributed to carbon dioxide. 

Ammonia derived from imidization between amide groups, 

carbon dioxide from carboxyl group degradation, pyrolysis of 

imide or original carboxyl group degradation at the presence of 

water for PAM; aldehydes (ketone) and imide mainly from 

initial backbone breakdown after imidization or amide cleavage 

at the presence of water; imide, mainly glutarimide [36,38] and 

ramification from the main chain breakdown. Pyrrolidone 

mainly came from NVP side group splitting at about 400 oC, 

which was similar to NVP homopolymer degradation. As is 

reported, the nitriles mainly derived from imide group 

breakdown as carbon dioxide emitting or isolated amide group 

dehydration [38]. 

For PAM, carbon dioxide was slowly released at the beginning, 

followed by ammonia rapid liberation, and then carbon dioxide 

main degradation, followed by imide. For copolymer, ammonia 

primary emitting started a little later than PAM, followed by 

carbon dioxide major release, and then imide accompanied by 

aldehydes (ketone), pyrrolidone and amide. 

Combining Gram-Schmidt curves with pyrolysis products, the 

degradation process was then focused on exclusive pyrolysis 

products and the maximum thermal degradation at about 400 oC 

in DTG curve. 

Nitriles Analysis 

It is reported that PAM pyrolysis products contain nitriles, [40] 

but we did not detect the characteristic C≡N peak (Fig.9) at 

2300-2200 cm-1 in 30-40min. While in copolymer, the nitrile 

peak at 2250 cm-1 and 2280 cm-1 emerged. The peak at 2250 

cm-1 was attributed to C≡N conjugated with unsaturated 

aliphatic chain or aromatic groups, and 2280 cm-1 was 

attributed to C≡N connected with saturated bond, such as 

formonitrile or acetonitrile. As seen from the Gram-Schmidt 

intensity curves, the peak at 2250 cm-1 appeared later. Gram-

Schmidt intensity curves in Fig.10 showed that the nitrile peak 

at 2250cm-1 and 2280cm-1 emerged at 285 oC, peaked at 355 oC 

and 450 oC, respectively, and ended at about 600 oC. 

Intra-molecule imidization mainly resulted in glutarimide 

[36,38] and ramification, followed by imide emit; inter-
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molecule imidization led to crosslinking, followed by imide 

degradating into nitriles, then nitriles emitting. From these 

results, it’s obvious that in copolymer, PAM segment adjacent 

to NVP intended to form H-bond and kept stable to higher 

temperature nearly before local chain scission took place at 350 

oC. At the same time, NVP promoted remote segment or inter-

molecule crosslinking and thus postponed initial backbone 

breakdown. 

Pyrrolidone Analysis 

Pyrolidone mainly came from NVP side group splitting at about 

400 oC, which is similar to NVP homopolymer degradation. 

[39] As previously mentioned, the peak at 1660 cm-1 was 

attributed to acrylamide and pyrrolidone, while 1626 cm-1 was 

attributed to acrylamide. To confirm the correlation between 

the two peaks and then ensure the existence of acrylamide, 

synchronous 2D IR maps of PAM and copolymer were shown 

in Fig.11. Strong correlations are shown between the low-

wavenumber sides of IR absorptions at (1625.9 cm-1, 1660.4 

cm-1), indicating that acrylamide appeared in this region. To 

confirm the existence of pyrrolidone, the Gram-Schmidt 

intensity cures were calculated from Fig.12 by subtracting 

acrylamide peak and then it came out that the pyrolidone 

absorbance peak took up 10.8% of the 1660 cm-1 absorbance 

peak area. The trend along with pyrolysis products was a little 

different from that of NVP homopolymer, [10, 19] indicating 

that NVP interacted with acrylamide at lower temperature and 

the interaction kept stable before the main chain breakdown. 

That is, NVP restrained side group removal until its own side 

group was removed, which was accounted for the NVP 

carbonyl developing H-bond with adjacent amide hydrogen. 

Copolymer maximum thermal degradation 
From DTG curves, the sharp degradation peak at 400 oC was 

detected for both PAM and copolymer. To further study the 

pyrolysis products at this temperature, the IR maps around 35 

min were displayed in Fig.14. Carbon dioxide, ketone, amide, 

imide and ammonia were detected in both maps, while for 

copolymer, a small peak for nitrile was also seen, and relative 

intensity for common pyrolysis products was different. 

Saturated C-H peak at 2900 cm-1 accompanied with nitriles, 

pyrrolidone and imide groups, while ketone absorption peak 

was moderate compared with PAM. Ammonia, imide, amide 

and carbon dioxide which principally appeared at lower 

temperature, emitted at 400 oC accompanying pyrrolidone, 

verifying that NVP deferred side chain breakdown by inter and 

intra-molecule H-bond with amide group, especially inter-

molecule H-bond. This can be explained that in PAM, more H 

in amide surrounded C=O group led to intra-molecule H-bond, 

while NVP introduced C=O but H and increase the steric 

hindrance at the same time, resulting in more inter-molecule H-

bond or interaction, so that protected neighboring molecule side 

chain and promoted inter-molecule imidization and postponed 

initial main chain breakdown. 

In conclusion, nitriles was individually detected in copolymer 

between 350 oC and 450 oC, which mainly came from imide in 

backbone and isolated amide group, indicating that NVP 

protected surrounding amide group by forming H-bond and 

promoted the remote side group or inter-molecule crosslinking. 

Pyrrolidone emitted at 400 oC, the maximum degradation 

temperature, accompanied by more low temperature pyrolysis 

products in copolymer, such as ammonia, imide, amide and 

carbon dioxide, verifying that NVP stabilized the side group 

until its own breakdown. 

Conclusions 

PAM and a series of N-vinylpyrrolidone copolymer with 

approximate molecule weight were successfully synthesized 

and their chemical structures were characterized via FTIR and 

H NMR. The thermal degradation of PAM and copolymers was 

studied using DSC and coupled TG-FTIR on gaseous pyrolysis 

products. It was found that NVP played an important role in 

copolymer stability and degradation: first, large steric hindrance 

of NVP enhanced the backbone rigidity, thus improved Tgs of 

copolymers; second, carbonyl of NVP was easier to form H-

bond with amide in PAM segment, protecting the adjacent side 

group at lower temperature; third, NVP promoted the remote 

side group or inter-molecule crosslinking. As a result, NVP 

stabilized the PAM side group below 300 oC, and retarded main 

chain breakdown until its own breakdown at 400 oC. 
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Stacked FTIR spectrum of (a): (1) PAM; (2) P(AM-NVP-1%); (3) P(AM-NVP-5%); (4) P(AM-NVP-10%); (5) 

P(AM-NVP-15%) and (b): PAM and P(AM-NVP-15%).  
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H NMR of (a) PAM and (b) copolymer.  

46x35mm (600 x 600 DPI)  

 

 

Page 8 of 26RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

 

46x35mm (600 x 600 DPI)  

 

 

Page 9 of 26 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

DSC curves of (1) PAM; (2) P(AM-NVP-1%); (3) P(AM-NVP-5%); (4) P(AM-NVP-10%); (5) P(AM-NVP-15%). 
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TGA curves of PAM and copolymer.  
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DTG curves of PAM and copolymers.  
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The total Gram-Schmidt intensity of PAM and copolymer.  
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The real-time tracking infrared spectrums of (a) PAM and (b) copolymer.  
56x39mm (600 x 600 DPI)  
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Gram-Schmidt curves of main pyrolysis products for (a) PAM and (b) copolymer.  
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Expanded FTIR spectrum of evolved gas between 350℃ and 450℃ for (a). PAM and (b). copolymer.  
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Gram-Schmidt curves of copolymer pyrolysis products: nitriles.  
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Synchronous 2D IR maps of (a) PAM and (b) copolymer in 35~45min.  

56x40mm (600 x 600 DPI)  

 

 

Page 20 of 26RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

 

56x40mm (600 x 600 DPI)  

 

 

Page 21 of 26 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Gram-Schmidt curves of amide and pyrrolidone.  
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Table 1. Intrinsic Viscosity of all specimens. 

NVP Content (mol%) 0 1 5 10 15 

Intrinsic Viscosity 

(mL g
-1
) 

1008.43 985.23 1021.48 994.92 1036.51 

 

Table 2. Thermogravimetric analysis of PAM and copolymer. 

Specimens First stage, content (%) Second stage, content (%) Third stage, content (%) 

PAM 50-207, 12.65 207-329, 14.00 329-535, 56.46 

PAM-NVP-10% 50-209, 12.11 209-330, 12.61 330-564, 58.71 

PAM-NVP-15% 50-202, 14.53 202-327, 12.02 327-564, 64.89 
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