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Abstract
Porous microspheres obtained from 2,3-epoxypropyl methacrylate (GMA) and 1,4-di(methacryloyloxymethyl) naphthalene 
(DMN) were modified by the reaction of active oxirane group with 1-(2-hydroxyethyl)-2-pyrrolidone (HP). Spherical shape 
of the copolymers was confirmed by scanning electron microscopy whereas low-temperature nitrogen adsorption–desorption 
method was applied to determine their porous structure. It was found that the modification process did not change noticeably 
the internal structure of the materials. The specific surface area for both types of materials ranged from 41 to 106 m2g−1 
depending on the molar ratio of the monomers. Changes, however, were observed in reference to thermal properties. They 
were studied using differential scanning calorimetry and thermogravimetry coupled with FTIR in inert and oxidative condi-
tions. The reaction with HP reinforced thermal stability of the modified microspheres in helium atmosphere. Their initial 
decomposition temperatures (IDTs) increased to 273–281 °C. In air atmosphere, the values of IDTs were at the same level 
(248–269 °C). The modified beads decomposed in three (helium) or two (air) stages.
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List of symbols
DBJH  Pore diameter (Å)
DMN  1,4-di(methacryloyloxy methyl) 

naphthalene
FDT  Final decomposition temperature 

(°C)
GMA  2,3-epoxypropyl methacrylate 

(glycidyl methacrylate)
HP  1-(2-hydroxyethyl)-2-pyrrolidone
IDT  Initial decomposition temperature 

(°C)
SBET  Specific surface area  (m2  g−1)
T1max  Temperature of the first maximum 

rate of mass loss (°C)
T2max  Temperature of the second maxi-

mum rate of mass loss (°C)
T3max  Temperature of the third maxi-

mum rate of mass loss (°C)

T20%  Temperature of 20% mass loss 
(°C)

T50%  Temperature of 50% mass loss 
(°C)

DMN-co-GMA1+HP  The copolymer modified with 
HP, molar ratio of DMN to GMA 
equals 1:1

DMN-co-GMA2+HP  The copolymer modified with 
HP, molar ratio of DMN to GMA 
equals 1:2

DMN-co-GMA3+HP  The copolymer modified with 
HP, molar ratio of DMN to GMA 
equals 1:3

DMN-co-GMA4+HP  The copolymer modified with 
HP, molar ratio of DMN to GMA 
equals 1:4

DMN-co-GMA5+HP  The copolymer modified with 
HP, molar ratio of DMN to GMA 
equals 1:5

V  Pore volume  (cm3  g−1)
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Introduction

Highly porous polymeric materials are very challenging 
class of materials. They have gained considerable attention 
with a wide range of applications including bioengineer-
ing fields [1–3], environmental purification [4], solid phase 
supports for catalysis [5–9], architectures with promising 
potential in gas storage [10, 11] and separation [12, 13].

In the majority of the mentioned above applications, 
the polymer surface character is of paramount importance. 
Particularly attractive are adsorbents of a polar nature that 
have affinity for a wide range of organic compounds. The 
presence of polar groups provides possibility to create 
fairly strong interaction adsorbent-adsorbate in the sepa-
ration system. The attempts to synthesize adsorbent of 
polar character are the subject of many studies [14–22]. 
However, the number of polar monomers that are able to 
copolymerize with appropriate cross-linkers that offer good 
mechanical and thermal stability is quite limited. This 
limitation can be overcome by modification of the poly-
mer matrix that contain reactive moiety. One of the most 
reactive functional groups is epoxide ring. Its modification 
with pyrrolidone and amines was presented in our previous 
papers [23–27]. Another reagent suitable for this purpose is 
1-(2-hydroxyethyl)-2-pyrrolidone (HP) which contains in its 
structure not only strongly polar pyrrolidone unit but also 
hydroxyl one. This fact was the main reason that we decided 
to perform modification reaction of porous microspheres of 
2,3-epoxypropyl methacrylate (GMA) cross-linked with 
1,4-di(methacryloyloxymethyl) naphthalene (DMN) by HP. 
In the next step of the investigation, thermal properties of 
the modified beads were conducted by the means of differ-
ential scanning calorimetry (DSC) and thermogravimetry 
(TG) coupled with Fourier transform infrared (FTIR) spec-
troscopy. Additionally, the porous copolymers were charac-
terized using elemental analysis, FTIR, scanning electron 
microscopy (SEM), atomic force microscopy (AFM) and 
low-temperature nitrogen adsorption–desorption method.

Experimental

Chemicals

GMA was purchased from Sigma-Aldrich. To remove 
inhibitors, it was washed with 5% aqueous NaOH whereas 
α,α′-azoisobutyronitrile and bis(2-ethylhexyl) sulfosuccinate 
sodium salt (from Fluka, AG, Switzerland) and HP (from 
Sigma-Aldrich) were used as received. Methyl alcohol, tolu-
ene and tin(IV) chloride (reagent grade) were acquired from 
POCh (Poland). DMN was synthesized in our department in 
accordance with the method described previously [28–30].

Synthesis of the modified GMA‑co‑DMN 
microspheres

Copolymerization of GMA with DMN was performed 
according to the procedure reported earlier [23, 27]. Next, 
the polymer network containing the reactive epoxy rings was 
subjected to reaction with HP (Fig. 1). The reaction was con-
ducted in the following way: 10 g of the obtained microspheres 
was immersed in 50  cm3 of HP and placed in a 100-cm3  
round-bottomed three-necked reactor equipped with a ther-
mometer, mechanical stirrer and condenser. Then, 0.05 g 
of tin(IV) chloride was added, and the content of the flask 
was heated at 120 °C for 8 h. The received in this process 
modified beads were washed with water and filtered. Next, 
they were purified in a Soxhlet extractor with hot toluene and 
dried under reduced pressure at 60 °C.

Method of copolymers characterization

In order to perform the elemental analysis (CHN) of the 
synthesized copolymers, the Perkin–Elmer 2400 analyzer 
(USA) was used.

The main parameters of the porous structure were deter-
mined on the basis of the low-temperature nitrogen adsorp-
tion–desorption method. The isotherms at −196 °C were 
established volumetrically using ASAP 2405 N apparatus 
(Micromeritics Corp., Norcross, USA). Before the experi-
ment, the adsorbents were degassed  (10−2  mm Hg) at 
140 °C. The linear Brunauer–Emmett–Teller (BET) plots 
of adsorption data were used to evaluate the specific surface 
area (SBET). The total pore volume (V) was estimated from a 
single-point adsorption at a relative pressure p/po = 0.985. 
The calculations of pore-size distributions (PSD) followed 
the Barrett, Joyner and Halenda (BJH) procedure. The pore 
diameters  (DBJH) were estimated from the PSD maxima.

The FTIR spectra were recorded with a Bruker Tensor 
27 FTIR spectrometer (Germany) using the attenuated total 
reflectance (ATR) method. To collect the spectra, absorb-
ance mode was used. The following parameters: a spec-
tral resolution of 4 cm−1, 16 scans per each spectrum and 
4000–600 cm−1 spectral range were applied.

SEM studies were carried out on a Tesla BS-301 micro-
scope (Czechoslovakia) operating at 15.0 keV whereas AFM 
ones on AFM Nanoscope III (Digital Instruments, USA) 
working in contact mode.

TG and DSC measurements were conducted with a 
Netzsch STA 449 F1 Jupiter apparatus (Germany) in the 
same way as described previously [27]. Also, the analysis 
of the volatiles formed during the thermal degradation was 
done in an analogous manner as presented in this paper.

Furthermore, the DSC measurements were also car-
ried out with a Netzsch 204 calorimeter (Germany). They 
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were done in Al crucibles with a perforated lid. As a refer-
ence, an empty one was used. A dry argon gas with a flow 
rate of 20 cm3 min–1 was purged through the sample cell. 
The dynamic scans were performed at the heating rate of 
10 °C min−1 from room temperature to 500 ºC. The mass of 
the copolymer sample was about 10 mg.

Results and discussion

The suspension–emulsion polymerization was successfully 
applied for the preparation of DMN-co-GMA copolymers. 
This method has been widely used in our laboratory, and 
it has been established that is especially suitable for syn-
thesis of porous microspheres with diameter in the micro-
metric range (Figs. 2 and 3). In the course of the synthesis, 
DMN was utilized as a cross-linker. It provided thermal and 
mechanical properties of the resulted polymeric matrix. 

Sequentially, GMA delivered reactive oxirane rings. In order 
to increase the number of epoxy group in the polymer net-
work, the molar ratio of the monomers was changed from 
1:1 to 5:1.

As the main goal of the research was the modification 
of the surface of DMN-co-GMA beads, a subsequent reac-
tion with 1-(2-hydroxyethyl)-2-pyrrolidone was carried out. 
The oxirane rings existed in the copolymer were opened, 
and materials with pendant hydroxyl and pyrrolidone func-
tionalities were synthesized. The codes of newly created 
copolymers were based on the molar ratio of DMN to GMA 
and are given in the list of symbols. The results of the ele-
mental analysis conducted for these materials are presented 
in Table 1. As can be seen, the amount of nitrogen in the 
structure of the copolymers grows along with the increasing 
GMA in the polymerization mixture. Additionally, ATR-
FTIR spectroscopy was applied to confirm the proper course 
of the modification reaction. Figure 4 displays the spectra 
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Fig. 1  Scheme of modification reaction of DMN-co-GMA copolymers with HP
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of modified (DMN-co-GMA5 + HP) and parent (DMN-co-
GMA5) copolymers. It was observed that absorbance peaks 
of epoxide ring (992, 906 and 841 cm−1) disappeared. At 
the same time, new peaks characteristic of pyrrolidone unit 
at 1656 cm−1 and of hydroxyl group at 3408 cm−1 (ν O–H) 
and 1058 cm−1 (ν C–OH) appeared.

The newly modified materials have been designated for 
adsorption processes. This fact implies the necessity of inter-
nal structure investigation. The basic parameters of porous 
structure of the investigated copolymers are listed in Table 2. 
The reaction with HP does not lead to significant changes 
of the internal structure of new copolymers in comparison 
with the parent ones [23]. The values of specific surface 
area decrease from 105 to 41  m2g−1 depending on the molar 
ratio of the cross-linker to the functional monomer. This 
fact can be straightforwardly explained on the basis of the 
phase separation physical process which intensively depends 
on the concentration of the cross-linker. In the case of high 
amount of DMN, the phase separation is shifted to the point 
of greater conversion of monomer to polymer. In a conse-
quence, a network of interconnected separate microglobules 
is formed. It possesses high surface area and broad pore-
size distribution with a maximum in the region of micro- 
to mesopore. Diminished cross-linker concentration leads 
to early phase separation at lower conversion. This process 
stimulates not only aggregation of microglobules but also 
filling of small pores. Therefore, polymer network with 
lower surface area is formed.

Interestingly, the process of modification of the DMN-
co-GMA copolymers with HP contributes to the changes of 
the thermal properties of the newly obtained materials. In 
helium, the process of thermal decomposition of the modi-
fied copolymers progress in three stages comparing to one or 
two for the parent ones. As an example, Fig. 5 presents TG 
and DTG curves obtained for DMN-co-GMA1 and DMN-
co-GMA1 + HP copolymers. Additionally, it was observed 
that the IDTs increased from 258–269 °C for parent copoly-
mers [23] to 273–281 °C for modified ones (Table 3). Simul-
taneously, the T20% and T50% decreased. In turn, the meas-
urement data obtained in synthetic air show two steps for 
both the parent and functionalized copolymers (Fig. 6). In 
this atmosphere, the modified copolymers exhibited similar 
IDTs: 248–269 °C (Table 4) vs. 249–269 °C [23]. Most of 
them, however, revealed lower values of T20% and T50%.

The alterations in thermal degradation of DMN-GMA 
copolymers have been visible not only between initial and 
functionalized ones but also in the entire series of modified 

Fig. 2  SEM micrograph of DMN-co-GMA4 + HP copolymer
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Fig.3  AFM image of DMN-co-GMA4 + HP copolymer

Table 1  Elemental analysis of 
the copolymers

Copolymer Element mass fraction /mass%

C H N

Calculated Determined Calculated Determined Calculated Determined

DMN-co-GMA1 + HP 66.54 66.34 6.97 6.65 2.35 1.17
DMN-co-GMA2 + HP 63.73 62.83 7.21 6.94 3.23 1.43
DMN-co-GMA3 + HP 62.25 60.40 7.35 7.07 3.69 1.37
DMN-co-GMA4 + HP 61.35 58.97 7.44 7.13 3.97 1.24
DMN-co-GMA5 + HP 60.74 58.07 7.50 7.28 4.17 1.71
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copolymers where they vary in the molar ratio of GMA to 
DMN. The copolymer with the largest amount of functional 
monomer (DMN-co-GMA5 + HP) showed the smaller 
thermal resistance both in helium and in synthetic air. 
Simultaneously, the most cross-linked copolymer (DMN-
co-GMA1 + HP) had the best thermal resistance in air. Fig-
ures 7 and 8 present TG and DTG curves for the selected 
copolymers. Looking at DTG curves determined in synthetic 
air atmosphere, an individual peak with the max. at ~ 500 °C 
is evidently visible. In the case of investigation completed 
in helium, DTG curves do not show such a peak. Moreover, 
the residue of the sample in helium is three times higher 
than in air.

In light of the chemical structure of DMN-co-GMA + HP 
copolymers, it can be assumed that formation and evolution 
of aldehydes along with carboxylic and vinyl compounds 

may take place during thermal treatment of the materi-
als. The former compounds can be created as a result of 
α-hydrogen bond scission while the latter ones of β-hydrogen 
bond scission. It should also be taken into consideration that 
the highly cross-linked copolymers can undergo the random 
chain scission.

First decomposition step may be connected with the 
degradation process of residual oxirane rings and included 
hydroxypyrrolidone units. T1max has the lowest value 
(340 °C) for the copolymer with the greatest amount of func-
tional monomer (DMN-co-GMA5 + HP). It indicates that the 
degradation process of this copolymer proceeds at the earli-
est among all the copolymers under the study. In the case of 
the most cross-linked and consequently the least enriched in 
oxirane groups, copolymer (DMN-co-GMA1 + HP) T1max is 
the highest (353 °C). At second step with T2max in the range 
of 379–384 °C, mostly chain scission of ester linkages may 
take place and the degradation of the cross-linked parts of 
the microspheres begins. At third step (407–420 °C), further 
thermal degradation of cross-linked parts of the copolymers 
proceeds. The highest value of T3max is observed for the most 
cross-linked copolymer. It is worth to mention that the three 
stages of the decomposition are partially superimposed.

The suggested course of the thermal decomposition 
process is reflected in the analysis of the emitted gaseous 
products. It was performed for the chosen copolymer, i.e., 
DMN-co-GMA1-HP, and the received 3D plots of FTIR 
spectra of gases evolved during its decomposition, both 
in helium and synthetic air, are given in Fig. 9. For the 
detailed discussion of the obtained results, the maxima were 

Fig. 4  ATR-FTIR spectra of 
parent and modified with HP 
copolymers
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Table 2  The main parameters of porous structure of the investigated 
materials

*Bimodal pore distribution

Copolymer Specific 
surface area
(SBET)/m2 
 g−1

Pore volume 
(V)/cm3  g−1

Pore 
diameter 
 (DBJH)/Å

DMN-co-GMA1 + HP 105 0.335 155/35*
DMN-co-GMA2 + HP 79 0.450 440
DMN-co-GMA3 + HP 61 0.418 450
DMN-co-GMA4 + HP 50 0.374 460
DMN-co-GMA5 + HP 41 0.283 500
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extracted and shown in Figs. 10 and 11. As can be seen, 
the maxima of gases emissions are in accordance with the 
maxima determined from DTG curves.

Based on the FTIR spectra obtained in inert conditions 
( Figs. 9 and 10), one may state that in first decomposition 
step (maximum at 353 °C), the emission of unsaturated ali-
phatic compounds manifested by bands at 3105–2870 cm−1 
(ν C–H of –CH3, = CH2 and –CH = CH2 groups) and at 
943  cm−1 (δoop C–H of –CH = CH2 group) took place. 

These compounds can imply the β-elimination decompo-
sition of ester groups. Moreover, bands that are charac-
teristic of organic carbonyl compounds (ν C = O at 1764 
and 1711 cm−1), especially esters ( ν C–O of ester group at 
1125 cm−1) and carboxylic acids (ν O–H of carboxylic group 
at 3582 cm−1) can be found. They confirm β-elimination 
degradation reaction. Also,  CO2 (adsorption peaks at 
2360–2311 and 669 cm−1), CO (adsorption peaks at 2181 
and 2114 cm−1) and  H2O (adsorption peaks at ~ 4000–3500 

Fig. 5  TG and DTG curves of 
parent (DMN-co-GMA1) and 
modified with HP (DMN-
co-GMA1 + HP) copolymers 
obtained in helium
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Table 3  TG data of the 
copolymers determined in 
helium

Copolymer IDT /°C T20% /°C T50%
/°C

T1max
/ºC

T2max
/ºC

T3max
/ºC

Residue /%

DMN-co-GMA1 + HP 279 341 380 353 379 420 13.2
DMN-co-GMA2 + HP 278 342 382 356 380 415 14.2
DMN-co-GMA3 + HP 278 338 382 341 383 414 10.1
DMN-co-GMA4 + HP 281 340 382 341 384 407 10.0
DMN-co-GMA5 + HP 273 335 381 340 382 416 13.0
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and ~ 1800–1300 cm−1) can be detected in first decomposi-
tion step. In second degradation step (T2max at 379 °C), larger 
amounts of  CO2, CO and organic carbonyl products were 
found. In turn, in third step ( T3max at 420 °C), decreasing of 
the carbonyl compounds extent comparing with the previ-
ous stage was noticed. On account of the above data, one 
may state, that the highest amount of volatile products was 

emitted in the second step. This fact is in accordance with 
TG and DTG curves. Namely, the highest mass loss (~ 39%) 
was observed in this step.

The FTIR spectra of DMN-co-GMA1 + HP recorded dur-
ing first decomposition stage (T1max at 313 °C) in synthetic 
air (Figs. 9 and 11), similarly to that received in inert con-
ditions, show bands pointing to the presence of  H2O,  CO2, 

Fig. 6  TG and DTG curves of 
parent (DMN-co-GMA1) and 
modified with HP (DMN-
co-GMA1 + HP) copolymers 
obtained in synthetic air
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Table 4  TG data of the 
copolymers determined in 
synthetic air

Copolymer IDT
/°C

T20%
/°C

T50%
/°C

T1max
/°C

T2max
/°C

Residue /%

DMN-co-GMA1 + HP 269 313 369 313 521 4.6
DMN-co-GMA2 + HP 258 302 336 318 500 4.6
DMN-co-GMA3 + HP 260 300 332 326 498 3.6
DMN-co-GMA4 + HP 262 300 328 324 485 4.2
DMN-co-GMA5 + HP 248 294 326 326 492 4.8
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CO and organic carbonyl compounds, including unsaturated 
ones. In second stage (T2max at 521 °C), mainly  H2O,  CO2 
and CO were evolved.

Thermal properties of the DMN-co-GMA copolymers 
were also monitored by the DSC method. Figure 12 displays 
DSC curves for three selected copolymers ascertained in 
helium. As one can see, both exothermic as well as endother-
mic thermal events took place. The first endothermic peak 
(the maximum at about 100 °C) is correlated with the mois-
ture vaporization from the copolymers. With the increase in 
the quantity of HP functionalities in the copolymer, the vol-
ume of adsorbed water considerably increases. Second endo-
thermic peak whose maximum increases with the degree of 
cross-linking (from 323 to 340 ºC) can be referred to the 

degradation reaction of hydroxyl and ester groups as well 
as pyrrolidone units. It should also be taken into considera-
tion that the decomposition of unreacted epoxide rings can 
occur. What is noteworthy, notable changes with respect to 
the enthalpy of this process were noticed. Its value increases 
together with the increasing amount of functional groups 
present in the polymeric matrix.

The exothermic peak following the first step of endo-
thermic decomposition can refer to a thermal cross-link-
ing reaction of double bounds, which are formed in the 
first step of thermal degradation by the β-bond scission 
reactions. The enthalpy of the cross-linking reaction is 
the greatest for the copolymers with the biggest amount 
of the ester bonds which are the most susceptible to the 

Fig. 7  TG and DTG curves of 
selected copolymers modified 
with HP obtained in helium
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Fig. 8  TG and DTG curves of 
selected copolymers modified 
with HP obtained in synthetic 
air
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scission (DMN-co-GMA1 + HP). In the case of DMN-co-
GMA5 + HP (the copolymer with the smallest amount of the 
ester groups), this process is hardly visible.

The last region (above 400 °C) demonstrates the thermal 
degradation of the cross-linked parts of the copolymers.

In regard to experiments conducted in air, only the exo-
thermic peaks are visible on the DSC curves (Fig. 13). 

They are connected with the degradation of the investi-
gated polymers that occur via oxidation processes. The 
peaks with the maxima at 320–348 °C, analogically as 
in the case of helium atmosphere, can be associated with 
the degradation of hydroxyl and ester groups as well as 
pyrrolidone units. The higher amount of these functional 
groups the higher enthalpy of the degradation reaction 
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Fig. 10  FTIR spectra of volatile products evolved from DMN-co–GMA1 + HP copolymer at the maxima of decomposition in helium
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was observed. Its value increased from about 90 μV mg−1 
for DMN-co-GMA1 + HP to 390 μV mg−1 for DMN-co-
GMA5 + HP copolymer. In the next step, oxidative deg-
radation of cross-linked parts takes place. As a result, the 
second exothermic peaks can be observed. For the less 
cross-linked copolymer (DMN-co-GMA5 + HP), the 
maximum is at 496 °C. Along with the increasing amount 
of cross-linker, the maximum shifts to higher tempera-
tures. For the most cross-linked copolymer (DMN-co-
GMA1 + HP) equals 520 °C. The same dependence can 
be perceived in the case of the enthalpy values of this 
process (from about 280 to 690 μV mg−1).

Conclusions

Based on the conducted studies, one can state that the 
process of functionalization of DMN-co-GMA copolymers 
with HP does not change their basic parameters of porous 
structure. On the other hand, it has got considerable impact 
on thermal properties of the newly obtained functional-
ized materials. These properties were evaluated by TG/
DSC/FTIR methods in oxidative (synthetic air) and inert 
(helium) conditions. The conducted studies indicate that 
in an inert atmosphere the IDTs increase from 258–269 °C 
for parent copolymers to 273–281 °C for modified ones. In 

Fig. 12  DSC curves of the 
selected copolymers modified 
with HP determined in helium DMN-co-GMA3+HP
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with HP determined in synthetic 
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oxidative conditions, they are kept practically on the same 
level. The examination of the DTG curves showed that the 
thermal decomposition of the functionalized copolymers 
carried out in helium proceeded in three stages whereas in 
synthetic air in two ones. Generally, the thermal decom-
position of the functionalized microspheres exhibited 
multistage decomposition patterns different from parent 
DMN-co-GMA copolymers.

Furthermore, comprehensive analysis of the vola-
tile decomposition products demonstrates that both 
α-hydrogen and β-hydrogen bond scission mechanism are 
possible in the degradation process of the functionalized 
DMN-co-GMA + HP copolymers. They may also decom-
pose according to random chain scission mechanism.
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